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ABSTRACT
Accumulating evidence indicates that lncRNAs can interact with miRNAs to regulate target mRNAs
through competitive interactions. However, this mechanism remains largely unexplored in laryngeal
squamous cell carcinoma (LSCC). In this study, transcriptome-wide RNA sequencing was performed on 3
pairs of LSCC tissues and adjacent normal tissues to investigate the expression profiles of lncRNAs,
miRNAs and mRNAs, with differential expression of 171 lncRNAs, 36 miRNAs and 1709 mRNAs detected.
Seven lncRNAs, eight mRNAs and three miRNAs were identified to be dysregulated in patients’ tissues by
using qRT-PCR. GO and KEGG pathway enrichment analyses were performed to elucidate the potential
functions of these differentially expressed genes in LSCC. Subsequently, a ceRNA (lncRNA-miRNA-mRNA)
network including 4631 ceRNA pairs was constructed based on predicted miRNAs shared by lncRNAs
and mRNAs. Cis- and transregulatory lncRNAs were analysed by bioinformatics-based methods.
Importantly, mRNA-related ceRNA networks (mRCNs) were further obtained based on potential cancer-
related coding genes. Coexpression between lncRNAs and downstream mRNAs was used as a criterion
for the validation of mRCNs, with the ZNF561-AS1-miR217-WNT5A and SATB1-AS1-miR1299-SAV1
/CCNG2/SH3 KBP1/JADE1/HIPK2 ceRNA regulatory interactions determined, followed by experimental
validation after siRNA transfection. Moreover, ceRNA activity analysis revealed that different activities of
ceRNA modules existing in specific pathological environments may contribute to the tumorigenesis of
LSCC. Consistently, both downregulated SATB1-AS1 and ZNF561-AS1 significantly promoted laryngeal
cancer cell migration and invasion, indicating their important roles in LSCC via a ceRNA regulatory
mechanism. Taken together, the results of this investigation uncovered and systemically characterized
a lncRNA-related ceRNA regulatory network that may be valuable for the diagnosis and treatment of
LSCC.
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Introduction

Laryngeal squamous cell carcinoma (LSCC) is the second
most common malignant neoplasm of the head and neck.
Current treatments for LSCC include laryngectomy, radio-
therapy and chemotherapy [1]. Despite the development of
improved strategies and more accurate therapies, the 5-year
survival rate of LSCC has unfortunately decreased from 66%
to 63% over the past 40 years [1]. In addition, most patients
present with advanced stages at diagnosis, which leads to poor
prognoses [2]. Although many molecules have been investi-
gated to date [3,4], the mechanism underlying the develop-
ment and progression of LSCC remains largely unknown.
Accordingly, there is a need for further research and deeper
insight into the biological mechanisms underlying LSCC
carcinogenesis.

Increasing evidence indicates that noncoding RNAs
(ncRNAs), including microRNAs (miRNAs), long noncoding
RNAs (lncRNAs), and circular RNAs, play crucial roles in

tumorigenesis [5–7], and characterization of the epigenetic
regulatory roles of ncRNAs in laryngeal cancers has been
addressed [8–10]. Among these ncRNAs, lncRNAs and
miRNAs have garnered much attention, becoming the focus
of research in this field. miRNAs are small ncRNA molecules
that function in RNA silencing and post-transcriptional reg-
ulation of gene expression by binding to the 3ʹUTRs of target
mRNAs [11].

lncRNAs are defined as a type of non-protein-coding
RNAs that are longer than 200 nucleotides, and these mole-
cules have variable biological functions in the process of
tumorigenesis [12]. Accumulating evidence suggests that
ncRNAs perform complex modulatory functions by interact-
ing with each other and creating a dynamic regulatory cross-
talk network [13,14]. Intriguingly, an increasing number of
studies have revealed that by binding to miRNA response
elements (MREs), lncRNAs function as competing endogen-
ous RNAs (ceRNAs), modulating the target mRNAs of
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miRNAs [15,16]. Overall, lncRNAs perform complicated reg-
ulatory functions in pathological processes by acting as
sponges of miRNAs [14,17,18].

Recent studies have uncovered the important roles of many
genes in ceRNA networks in human disease. For example,
PTEN was identified as a potent tumour suppressor that is
frequently disrupted in multiple cancers, exerting tumour-
suppressive effects via ceRNA-mediated mechanisms in multi-
ple biological processes, including proliferation, apoptosis,
and invasion [19]. In gastric cancer, CLDN4 has been identi-
fied as a regulatory target of the ncRNA network by ceRNA-
mediated invasion [7]. Such findings highlight the importance
of ceRNA network construction, whereby a global view of
lncRNA-related crosstalk may help researchers gain
a comprehensive insight into the pathological process of
tumorigenesis. Given the promising role of lncRNA-related
ceRNAs in cancer development, global regulatory lncRNA-
related ceRNA interaction and crosstalk networks have
recently been built using computational, experimental, and
bioinformatics methods [20,21]. In addition, many bioinfor-
matics tools, such as starBase, DIANA-LncBase, and
RegRNA2.0, have emerged for predicting lncRNA-miRNA
interactions [22–24]. Nonetheless, the ceRNA crosstalk net-
work of lncRNAs in laryngeal carcinoma remains largely
unknown. In general, comprehensive elucidation of the
ceRNA interactions in LSCC may aid the identification of
potentially useful molecules for the diagnosis and treatment
of LSCC.

In this study, we constructed a global lncRNA-related
triple network (lncRNA-miRNA-mRNA) based on transcrip-
tome-wide RNA-seq data, including lncRNA, miRNA and
mRNA expression profiles. lncRNAs and mRNAs found to
be significantly differentially expressed were verified by
reverse transcription-polymerase chain reaction (RT-PCR).
Gene Ontology (GO) and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway analyses were conducted for
putative ceRNA networks to elucidate the potential functions
of ceRNAs relevant to LSCC. The regulatory coding pattern
near lncRNAs was also established. Furthermore, predicted
ceRNA networks were verified based on coexpression correla-
tions detected by RT-PCR, and specific ceRNAs in the triple
network in LSCC were characterized. Our study may help
researchers gain a comprehensive view of important mole-
cules and identify novel mechanisms underlying laryngeal
carcinoma pathogenesis and new targets for the treatment of
LSCC.

Materials and methods

Patients and samples

Three pairs of LSCC tissues and adjacent nontumor tissues to be
used for RNA sequencing were obtained within 10 minutes after
surgical resection, with the consent of the patients and the
approval of the Ethics Committee of the First Affiliated Hospital
(Ethics Committee approval No. 2019146), Sun Yat-sen
University. The samples were immediately transferred to liquid
nitrogen and stored at −80°C before use. All specimens were
pathologically verified. Postoperative histopathological diagnoses

for all specimens were confirmed by the First Affiliated Hospital,
Sun Yat-sen University.

RNA extraction

Total RNA was extracted from the LSCC and adjacent non-
tumor tissue samples using TRIzol reagent (Invitrogen, USA)
according to the manufacturer’s instructions. The quality of
the RNA was initially evaluated using a NanoDrop spectro-
photometer (NanoDrop, USA).

Transcriptome-wide RNA-seq

mRNA and lncRNA library construction
A total of 10 µg of RNA per sample was used for RNA
sequencing. First, ribosomal RNA was removed from total
RNA to obtain the maximum residual ncRNA. The obtained
rRNA-free RNA was randomly broken into short fragments,
and the cDNA fragments were used as templates for synthe-
sizing first-strand cDNA with random hexamers. The second
strands were synthesized in a reaction with buffer, dNTPs,
RNase H and polymerase I. Subsequently, the library frag-
ments were purified with a QIAquick PCR Kit followed by
end-repair, A-tailing modification and adaptor ligation.
The second strands were then degraded enzymatically using
uracil-N-glycosylase (UNG), and cDNA fragments ranging
from 150–200 bp in length were selected. PCR was performed
using high-fidelity DNA polymerase, universal PCR primers,
and an index (X) primer. The PCR products were purified and
prepared for RNA sequencing.

miRNA library construction
Total RNA was extracted from the samples with TRIzol reagent,
and fragments 18–30 nucleotides in length were isolated by
agarose gel electrophoresis. A 3′ linker was added, and ligation
fractions 36–44 nt in length were extracted by 15% denaturing
PAGE. A 5′ linker was added, followed by RT-PCR. The reverse
transcription product was separated by 3.5% agarose gel electro-
phoresis, and fragments that were 140–160 bp in length were
selected. Finally, the quality of the library was evaluated using
a StepOnePlus PCR System (Applied Biosystems Inc., CA, USA).

Sequencing
After library construction, RNA sequencing for both lncRNA/
mRNA and miRNA was performed using the Illumina
HiSeqTM 2500 platform.

Analysis method for lncRNA and mRNA data

Quality control and transcriptome assembly
First, the raw sequencing reads were processed to obtain clean
data by base calling transformation. In this step, high-quality
clean reads were obtained by removing reads containing
adapters, poly-N reads (with an N ratio greater than 10%)
and low-quality reads (a proportion of bases with a Phred
base quality score>20). The data quality was also evaluated by
assessing the base composition and value distribution. Second,
the transcriptome data were aligned to the reference genome
using TopHat2 after removing the reads mapping to
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ribosomes [25]. All mapped reads were assembled by
Cufflinks using reference annotation-based transcripts
(RABTs) [26]. Finally, the assembly data were merged using
Cuffmerge, and potential assembly errors were removed for
further differential analysis.

lncRNA identification and prediction of lncRNA target genes
lncRNAs were classified according to the following steps: (1)
those with transcript length ≥200 and exon number ≥2 were
selected; (2) known non-lncRNAs were filtered out; and (3) the
selected lncRNAs were classified using the Coding-Non-Coding
-Index (CNCI) (v2) with the default parameters and the Coding
Potential Calculator (CPC) [27,28]. Transcripts with coding
potential were filtered out to select candidate sets of lncRNAs.

To identify new transcripts, all reconstructed transcripts
were aligned to the reference genome and divided into twelve
categories using Cuffcompare. Transcripts with one of the
classcodes u, I, j, x, c, e, or o were defined as novel transcripts.
We used the following parameters to identify reliable novel
genes: the length of the transcript was longer than 200 bp, and
the exon number was more than 2. Novel transcripts were
then aligned to the Nr and KEGG databases to obtain protein
functional annotations.

To identify cis-acting lncRNAs (lncRNAs that can regulate
neighbouring coding genes), coding genes within the regions
10 kb upstream and downstream of the lncRNAs were
selected, and their functions were analysed. We then calcu-
lated the Pearson correlation coefficients between the differ-
entially expressed lncRNAs and identified coding genes. The
lncRNAs were identified as trans-acting lncRNAs when the
absolute correlation was greater than 0.95 between the
lncRNAs and selected coding genes.

miRNA data analysis

Quality control and miRNA identification
To obtain clean reads, the raw reads obtained from sequen-
cing were further filtered by removing the following: (1) low-
quality reads containing more than one low-quality
(Q-value≤20) base or containing unknown nucleotides (N);
(2) reads without 3ʹ adapters; (3) reads containing 5ʹ adapters;
(4) reads containing 3ʹ and 5ʹ adapters and lacking a small
RNA fragment between them; (5) reads containing a poly-A
sequence in the small RNA fragment; and (6) reads shorter
than 18 nt (not include adapters). The clean reads (sRNAs)
were then compared against known ncRNAs (i.e., rRNAs,
tRNAs, small nuclear RNAs (snRNAs) and small nucleolar
RNAs (snoRNAs) in the Rfam (v10.1) and GenBank (Release
209.0) databases to identify and remove other ncRNAs. Clean
reads that mapped to exons/introns or repeat sequences when
aligned to the human genome were also excluded.

Mapping to the reference genome and target gene
prediction
After the tags were annotated and filtered as mentioned
above, searches in the miRBase database (Release 21) were
performed for the remaining sRNAs to identify known
miRNAs (existing miRNAs). Novel miRNAs were predicted
using Mireap_Version0.2 software. To identify potential

target genes of the miRNAs, we searched for conserved
miRNA-binding sites using Rahbar (version 2.1.2) [29] +
svm light (version 6.01) [30], Miranda (version 3.3a) [31]
and TargetScan (Version 7.0) [32]. Genes selected by both
methods were considered predicted miRNA target genes.

Analysis of differentially expressed lncRNAs, mRNAs, and
miRNAs

Cuffdiff (v2.1.1) software was employed to calculate fragments
per kilobase of exon per million mapped fragments (FPKM)
values for the lncRNAs and coding mRNAs (genes) and the
transcripts per million (TPM) values for the miRNAs in both
libraries [33]. The differentially expressed transcripts of cod-
ing RNAs and lncRNAs were analysed. To identify differen-
tially expressed genes (DEGs) across samples or groups, the
edgeR package (http://www.r-project.org/) was used, and we
identified significant DEG transcripts as those with a fold
change ≥ 2 and a false discovery rate (FDR) <0.05. The
DEGs were then subjected to GO function and KEGG path-
way enrichment analyses.

qRT-PCR assay

To validate the credibility and reproducibility of the RNA
sequencing data, quantitative real-time PCR (qRT-PCR) was
performed for selected DEGs using LSCC tissues. Briefly, total
RNA was extracted from LSCC tissues using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA). Reverse transcription was
performed using the Prime ScriptTM RT Master Mix Kit
(TAKARA BIO INC, Japan) according to the manufacturer’s
protocol. Primer Premier 5.0 and miRprimer2 were used to
design specific primers for lncRNAs (mRNAs) and miRNAs,
respectively [34,35] (Supplementary Table S1). The lncRNA
and mRNA expression levels were normalized to the level of
the GAPDH housekeeping gene, and miRNA expression
levels were normalized to the U6 snoRNA level. Real-time
PCR was performed using the SYBR® Premix Ex Taq™ Kit
(TAKARA BIO INC, Japan) with the LightCycler® 480 system
(Roche Applied Science, Pennsburg, Germany). Relative gene
expression levels were calculated by the 2−ΔΔCt method.
Student’s t-tests were performed, and p-value < 0.05 was
considered significant. The values are expressed as the
means ± SDs.

ceRNA network construction

Differently expressed lncRNAs were scanned to identify con-
served MREs using the Mireap, miRanda and TargetScan
prediction tools, which were all employed to predict miRNA-
mRNA interactions based on target sites. After predicting
lncRNA-miRNA and miRNA-mRNA interactions, ceRNA
networks were constructed based on shared miRNAs with
which both lncRNAs and mRNAs interact. We then used
a hypergeometric cumulative distribution function test to
determine potential ceRNAs of the predicted ceRNA networks
[21]. In this method, the p-values for the potential ceRNA
pairs were calculated using the following formula [22]:
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where n represents the total number of shared miRNAs; U is
the total number of miRNAs in the human reference genome;
M represents the total number of miRNAs interacting with
lncRNAs; and N represents the total number of miRNAs
interacting with mRNAs. The calculated p-value was sub-
jected to FDR correction, with FDR ≤ 0.05 as the threshold.
Potential ceRNA pairs were defined at a p-value < 0.05.

Target genes and ceRNA network functional enrichment
analysis

GO enrichment analysis data were obtained by mapping
DEGs to GO terms in the GO database (http://www.geneon
tology.org/). KEGG pathway analysis was performed by map-
ping DEGs to the KEGG database.

In addition, GO and KEGG pathway analyses for the
ceRNA networks based on mRNAs were performed by the
same method. Significantly enriched GO terms and enriched
metabolic pathways or signal transduction pathways asso-
ciated with the DEGs/ceRNA networks were defined by
a hypergeometric test. The formula used to calculate the
p-value was as follows:
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where N is the number of all genes with a GO annotation/
KEGG annotation; n is the number of DEGs in N; M is the
number of all genes that are annotated to the specific GO
terms/pathway; and m is the number of DEGs in M. The
calculated p-value was subjected to FDR correction, with
FDR ≤ 0.05 as the threshold. GO terms meeting this condition
were defined as significantly enriched GO terms among
DEGs. Pathways meeting this condition were defined as sig-
nificantly enriched pathways involving DEGs.

Validation of ceRNAs based on coexpression patterns and
regulatory relationships
Given that the expression levels of ceRNAs that compete for
the same miRNAs are positively correlated [16], we further
examined the ceRNA efficacy from the networks based on
lncRNA-mRNA expression correlation. Each ceRNA pair
(lncRNA-miRNA-mRNA) with a correlation coefficient
higher than 0.5 was defined as a ceRNA triplet; important
ceRNAs were highlighted via this coexpression pattern analy-
sis method. In addition, potential ceRNA patterns were com-
pared between LSCC tissues and nontumor tissues based on
correlation coefficients. A ceRNA pair (lncRNA-miRNA-
mRNA) with a correlation coefficient ≥ 0.5 determined by
qRT-PCR was defined as a final ceRNA triplet. To further
verify the putative ceRNAs, siRNAs targeting specific

lncRNAs were transfected into LSCC cell lines, including
SNU899 and SNU1066. After siRNA transfection, the expres-
sion of downstream mRNAs corresponding to lncRNAs was
detected by qRT-PCR to explore the regulatory relationships
between lncRNAs and mRNAs, with positive correlations
defining ceRNAs.

Wound healing assay

A total of 5 × 104 SNU1066 cells/well were seeded in 24-well
plates and cultured overnight in a humidified incubator with
5% CO2 at 37°C. Then, cells were transfected with siRNA and
starved for 12 h followed by scratching the cell monolayer
with a 200 μl pipette tip. Images were then taken under an
inverted microscope at 0 h, 24 h, and 48 h after the wounding
to measure the migration ability. Migration distance was
measured by ImageJ (version 1.46 r) software. The migration
rate was calculated by the formula migration rate = migration
distance/original wound width x 100%.

Cell invasion and migration assays

For the cell invasion assay, Matrigel (Corning, New York,
USA) was diluted 1:8 in RPMI-1640 culture medium.
Diluted Matrigel Matrix solution (40 μl) was added onto the
upper side of the 8 μm-polycarbonate transwell chamber
(Corning, New York, USA). After being dried at 37°C for 4
h, 5 × 104 cells in 200 μl RPMI-1640 containing 0.1% BSA
were seeded into the transwell chamber. A total of 600 μl
RPMI-1640 culture medium supplemented with 10% FBS was
added into the lower chamber. After being incubated in 5%
CO2 at 37°C for 48 h, cells on the upper chamber were
removed with a cotton swab. The filter was fixed with 4%
paraformaldehyde for 20 min followed by staining with 0.05%
crystal violet for 30 min. Stained cells were imaged in five
independent 200x magnification fields under an inverted
microscope and counted with ImageJ (version 1.46 r) soft-
ware. For the cell migration assay, the procedures were the
same as for the invasion assay except that the transwell
chamber was not coated with Matrigel before cell seeding
into the transwell chamber.

siRNA transfection

The siRNAs were designed and synthesized by Shanghai
GenePharma Co., Ltd. (Shanghai, China). The siRNA trans-
fection was performed using the HiPerFect transfection
reagent (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions.

Results

Differentially expressed lncRNA, mRNA and miRNA
profiles validated by RNA sequencing

cDNA and sRNA libraries of 3 pairs of LSCC and adjacent
tissues were sequenced. In total, we acquired 69.2 GB of
100-bp paired-end reads for lncRNAs and mRNAs and
32.73 GB of 50-bp single-end reads for miRNAs.
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Ultimately, 64.48 GB and 31.53 GB of high-quality clean
reads were obtained after filtering for lncRNAs/mRNAs
and miRNAs, respectively. We identified a total of 171
lncRNAs (fold change ≥1.5, P < 0.05 and FDR < 0.05)
and 1709 mRNAs in the lncRNA/mRNA libraries (fold
change ≥2.0, P < 0.05 and FDR < 0.05) (Supplementary
Figure S1 A-B; Supplementary table S5); the most signifi-
cantly differentially expressed of these are shown in Fig.
1A,C. Among these lncRNAs, 70 and 101 lncRNAs were
upregulated and downregulated, respectively. We also
obtained 36 miRNAs, among which 15 were upregulated
and 21 were downregulated (fold change ≥2.0, p < 0.05
and FDR < 0.05) (Fig. 1B).

By scanning shared conserved miRNA target sites
using Rahbar + svm light, miRanda and TargetScan,

2384 mRNAs were predicted as target genes of the differ-
entially expressed miRNAs. We searched the coding genes
within the regions 10 kb upstream and downstream of the
differentially expressed lncRNAs and found 14 cis-
regulating lncRNAs (Fig. 2). In addition, 592 trans-
acting lncRNAs were identified based on the absolute
correlation value between the lncRNAs and their putative
coding genes (Supplementary Table S2).

GO and KEGG pathway analyses of the differentially
expressed mRNAs were performed (Figure S1, Figure S2).
The results of pathway enrichment analysis of the DEGs
revealed some clusters of GO categories and functional
pathways such as pyrimidine metabolism, RNA transport,
the T cell receptor signalling pathway and renal cell
carcinoma.

Figure 1. Heat maps of differentially expressed lncRNA (A), mRNA (B) and miRNA (C) profiles. The heat maps describe the most significantly changed lncRNAs (top
40), mRNAs (top 40) and miRNAs (top 40) in 3 pairs of LSCC tissues compared with adjacent nontumor tissues, with fold change ≥1.5 for lncRNAs, fold change ≥2.0
for mRNAs and miRNAs, p < 0.05 and FDR < 0.05. The expression values are depicted in accordance with the colour scale. The intensity increases from green to red.
LSCC: laryngeal squamous cell carcinoma; T: tumour tissues. N: adjacent nontumor tissues.

Figure 2. Cis-regulation by lncRNAs of nearby coding genes. The distances between lncRNAs and their cis-regulated coding genes within the regions 10 kb upstream
and downstream are described. The left vertical axis shows the sequence names of the coding genes, and the right vertical axis exhibits the gene symbols of the
sequences. The middle vertical axis presents the cis-regulatory lncRNAs.
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Validation of differentially expressed lncRNAs and mRNAs

A total of 11 lncRNAs, 11 mRNAs and 5 miRNAs were
chosen for qRT-PCR validation of the RNA sequencing
results in 36 pairs of LSCC and adjacent tissues. TM4SF19-
AS1 was identified as an upregulated lncRNA in LSCC tissue
compared to adjacent tissues, whereas LNC00667, HOXA11-
AS1, SEMA6A, CASC2-288, SATB1-AS1, and ZNF561-AS1
were downregulated (Fig. 3A). Among mRNAs, ANE was
upregulated and JADE, SIRT1, SH3KBP1, WNT5A, HIPK2,
SAV1, CCNG2 were downregulated in LSCC tissue compared
with adjacent tissue (Fig. 3B). Three miRNAs, namely, miR-
1-3p, miR-449a, and miR-451a, were validated as being down-
regulated in LSCC tissue compared with adjacent tissue by
real-time PCR (Fig. 3C). These results were consistent with
the sequencing results. Therefore, aberrant expression of these
lncRNAs, miRNAs and mRNAs may be involved in the
pathogenesis of LSCC.

Construction of the ceRNA network

According to the ceRNA hypothesis, ceRNAs compete for
a certain proportion of the miRNAs to exert regulatory func-
tions. We constructed global lncRNA-miRNA-mRNA ceRNA
regulatory networks by calculating the likelihood of differen-
tially expressed ceRNAs competing for the same MREs based
on the hypergeometric test (p-value<0.05), and 4631 regulatory
triplets (lncRNA-miRNA-mRNA) were obtained (Figure S4,

Supplementary Table S4). Among the global ceRNA networks,
subnetworks with hub miRNAs, including miR-1299, miR-592
and miR-5187-5p, are shown in Fig. 4. Of these ceRNAs,
upregulated lncRNAs potentially promote mRNA expression
by sponging MREs for miRNAs, but downregulated lncRNAs
may inhibit mRNA expression by releasing MREs. For
instance, TMEM51-AS1 was identified as a ceRNA of
ARID4A targeting hsa-miR-1254, and SOCS5-203 may regulate
AFF4 by binding to hsa-miR-1299. In this complex ceRNA
regulatory network, hsa-miR-1299-, hsa-miR-592- and hsa-
miR-6720-5p-related ceRNA triplets, which exhibited the den-
sest connection to surrounding targets, were identified as hub
clusters. This finding may provide novel insight into the role in
carcinogenesis played by hsa-miR-1299, which has been shown
to be widely involved in the pathological processes of cancers
such as colon cancer, hepatocellular carcinoma (HCC) and
clear cell renal cell cancer.

To investigate the reliability of the potential ceRNA net-
work, we compared the identified ceRNA networks in Figure
S4 with those identified in the starBase database (version 3.0),
which decodes RNA-RNA interactions from large-scale CLIP-
Seq data [22]. By comparison, a total of 36 ceRNA triplets
were identified as being matched with those from the starBase
database, with the lncRNA CCDC18-AS1, KCNQ1OT1, hsa-
miR-1299, and hsa-miR-592 as the hub genes (Table 1).

To further investigate ceRNAs in LSCC, we performed
functional enrichment analysis based on DEGs in the
ceRNA networks. KEGG pathway analyses of the selected

Figure 3. Validation of differentially expressed lncRNAs (A), mRNAs (B), miRNAs (C) by quantitative RT-PCR. The relative expression levels of seven lncRNAs (A), eight
mRNAs (B) and three miRNAs (C) are shown by comparing tumour tissues with normal tissues via qRT-PCR. The data are presented as the mean ±SEM, n = 36.
*p < 0.05, **p < 0.01, ***p < 0.001..

Figure 4. ceRNA networks in laryngeal squamous cell carcinoma. The ceRNA network was constructed based on the shared MREs of lncRNAs and mRNAs predicted
by the Mireap, miRanda and TargetScan software programs, followed by determination using a hypergeometric cumulative distribution function test. This figure
shows three networks containing miR-1299 ceRNA networks (A), miR-592 ceRNA networks (B) and miR-5187-5p ceRNA networks (C), which are hub miRNAs in the
global ceRNA networks.
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miR-1299, miR-592 and miR-5187-5p ceRNA networks
revealed clustering of categories such as TNF signalling path-
way, NF-kappa B signalling pathway, Hedgehog signalling
pathway, cAMP signalling pathway and renal cell carcinoma
(Fig. 5).

Validation of mRCNs and characterization of specific
ceRNA triplets based on correlation analysis

Regarding the ceRNA mechanism, it is well known that
lncRNAs can exert regulatory functions by modifying
mRNA expression through competition for a certain

proportion of miRNAs [15]. Under these circumstances,
lncRNAs perform regulatory functions via mRNAs indir-
ectly, with mRNAs serving as effectors, lncRNAs as regula-
tors, and miRNAs as crosstalk mediators. Hence,
investigating the regulatory potential of lncRNA ceRNAs
based on mRNA-related functions may help elucidate the
carcinogenesis of LSCC.

Several classic cancer-related terms were identified by GO
term and KEGG pathway functional analyses of mRNAs in
the ceRNA network (Supplemental Table S3). Next, mRNAs
occurring in at least two selected pathways were chosen as
effectors for functional analysis of potential ceRNAs, and
mRNA-related ceRNA networks (mRCNs) for LSCC were
further constructed.

Because their existence is indicated by a positive correla-
tion between the expression levels of ceRNA and mRNA pairs
[15,36], mRCNs were further validated by calculating Pearson
correlation coefficients of coexpression based on the real-time
PCR results. In this case, potential mRCNs were validated
when the Pearson correlation coefficient between the expres-
sion levels of the mRNA and lncRNA was greater than 0.5
(p > 0.5) [36]. Accordingly, two sets of mRCNs were verified,
namely, the ZNF561-AS1-miR217-WNT5A triplet and
lncRNA SATB1-AS1-related ceRNA clusters, which target
SAV1, CCNG2, SH3KBP1, JADE1 and HIPK2 by interacting
with miR-1299 (Fig. 6). In addition to the correlation-based
verifications, we further investigated the regulatory relation-
ship between lncRNAs and mRNAs. The expression of
WNT5A, SAV1/CCNG2 and SH3KBP1/JADE1/HIPK2 was
detected by qRT-PCR after siRNA-ZNF561-AS1 and siRNA-
SATB1-AS1 were transfected into both the SNU899 and
SNU1066 LSCC cell lines. As shown in Fig. 7, HIPK2,
SH3KBP1, and CCNG2 were significantly downregulated in
both the SNU899 and SNU1066 LSCC cell lines transfected
with siRNA-SATB1-AS1, while JADE1 showed a significant
decrease in only the SNU899 cell line and SAV1 showed
a significant decrease in only the SNU1066 cell line (Fig. 7A,
B). Notably, the WNT5A level decreased dramatically when
ZNF561-AS1 was downregulated (Fig. 7C,D). Together, these
experiments demonstrated the potential of the two subsets of
ceRNA networks, including ZNF561-AS1-miR217-WNT5A
and SATB1-AS1-miR-1299-SAV1-JADE1/HIPK2/SH3KBP1/
SAV1/CCNG2.

Table 1. Identified ceRNAs matched with those in the starBase database (version
3.0).

ceRNA triplets (lncRNA-miRNA-mRNA)

lncRNA miRNA mRNA
ACVR2B-AS1 hsa-miR-424-3p bcl2
CCDC18-AS1 hsa-miR-1299 ATOX1
CCDC18-AS1 hsa-miR-1299 RPS6KA5
CCDC18-AS1 hsa-miR-1299 MOSPD2
CCDC18-AS1 hsa-miR-1299 KMT2A
CCDC18-AS1 hsa-miR-1299 SIRT3
DLEU2 miR-7689-y ANKRD17
EBLN3P hsa-miR-455-3p KLHL2
EBLN3P hsa-miR-455-3p CARF
EBLN3P hsa-miR-592 CLDND1
EBLN3P hsa-miR-592 STK17B
KCNQ1OT1 miR-1226-3p CHD2
KCNQ1OT1 miR-335-y PPP6R3
KCNQ1OT1 hsa-miR-1299 CHD2
KCNQ1OT1 hsa-miR-1299 KMT2A
KCNQ1OT1 hsa-miR-1299 AFF4
KCNQ1OT1 hsa-miR-1299 ZNF710
KCNQ1OT1 hsa-miR-5187-5p HECTD4
KCNQ1OT1 hsa-miR-5187-5p PPP6R3
KCNQ1OT1 hsa-miR-5187-5p ZNF710
KCNQ1OT1 hsa-miR-5187-5p TNRC6B
KCNQ1OT1 hsa-miR-592 AFF4
KCNQ1OT1 hsa-miR-592 MXD1
KCNQ1OT1 hsa-miR-592 ATMIN
KCNQ1OT1 miR-335-y PPP6R3
KCNQ1OT1 miR-4443-x FAM234B
KCNQ1OT1 miR-4443-x LONRF2
KCNQ1OT1 miR-4443-x PPP6R3
KCNQ1OT1 miR-4443-x TNRC6B
LINC01515 hsa-miR-592 STK17B
NUTM2A-AS1 hsa-miR-1254 ARID4A
NUTM2A-AS1 hsa-miR-365a-5p SOCS6
PSMA3-AS1 hsa-miR-1226-3p RPS6KA5
SNHG14 hsa-miR-592 DEF8
SNHG14 hsa-miR-592 PDE4D
SNHG14 hsa-miR-592 DLG3

Figure 5. KEGG pathway analysis of ceRNA networks. The KEGG pathway analysis results corresponding to miR-1299 ceRNA networks (A), miR-592 ceRNA networks
(B) and miR-5187-5p ceRNA networks (C), based on coding genes in the networks, are presented.
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As recent studies have demonstrated that aberrant competi-
tive abilities and activities of ceRNAs may contribute to patho-
logical processes [36,37], we further investigated ceRNA activity
in LSCC and matched noncancer tissue samples via coexpression
pattern analysis. Interestingly, mRCNs exhibited different
expression patterns in LSCC tissues compared with noncancer
tissues. For example, the competitive activity of mRCNs, includ-
ing SATB1-AS1-miR1299-JADE1, SATB1-AS1-miR1299-HIPK2
and ZNF561-AS1-miR217-WNT5A, was observed in LSCC tis-
sues but not in adjacent tissues; in contrast, competitive activity
of SATB1-AS1-miR1299-SAV and SATB1-AS1-miR1299-
SH3KBP1 was observed in both LSCC tissues and noncancerous
tissues. Additionally, the SATB1-AS1-miR1299-CCNG2 triplet

showed a lower level of competitive activity in noncancer tissues
than in LSCC tissues (Fig. 8).

Downregulated SATB1-AS1 and ZNF561-AS1 contribute
to LSCC cell migration and invasion

Epithelial-mesenchymal transition (EMT), a fatal pathological
process affecting the outcomes of multiple cancers, has been
indicated to play important roles in LSCC [38]. To further
address the significance of the correlation-based ceRNA regula-
tory networks, functional experiments were performed. The
LSCC cell line SNU1066 transfected with either siRNA-SATB1-

Figure 6. Experimentally validated mRNA-related ceRNA triplets in LSCC. Two sets of mRNA-related ceRNA networks were experimentally validated by determining
the coexpression coefficients of lncRNAs and mRNAs using qRT-PCR, including lncRNA SATB1-AS1-related ceRNA clusters, which target SAV1, CCNG2, SH3KBP1, JADE1
and HIPK2 by interacting with miR-1299 (A) and the ZNF561-AS1-miR217-WNT5A triplet (B).

Figure 7. Coexpression validation of ceRNA triplets after siRNA transfection in cell lines. SATB1-AS1-miR-1299-SAV1-JADE1/HIPK2/SH3KBP1/SAV1/CCNG2 was
validated by qRT-PCR measurement after siRNA- SATB1-AS1 transfection in the SNU899 and SNU1066 LSCC cell lines (A-B). ZNF561-AS1-miR217-WNT5A was
validated by qRT-PCR after siRNA-ZNF561-AS1 transfection in the SNU899 and SNU1066 LSCC cell lines (C-D).
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Figure 8. Characterization of different ceRNA patterns in LSCC tissue and nontumor tissue. Putative mRNA-related ceRNA triplets were further validated by
calculating the correlation coefficients of lncRNAs and their target coding genes. SATB1-AS1-miR1299-SAV, SATB1-AS1-miR1299-SH3KBP1, SATB1-AS1-miR1299-
JADE1, SATB1-AS1-miR1299-CCNG2, SATB1-AS1-miR1299-HIPK2 and ZNF561-AS1-miR217-WNT5A were observed to be ceRNAs in LSCC tissue (A-F). The SATB1-AS1-
miR1299-SAV and SATB1-AS1-miR1299-SH3KBP1 triplets were also observed to have ceRNA abilities in nontumor cancer (G-H). The SATB1-AS1-miR1299-CCNG2
triplet had a relatively low level of competitive activity in noncancer tissues (I); SATB1-AS1-miR1299-JADE1, SATB1-AS1-miR1299-HIPK2 and ZNF561-AS1-miR217-
WNT5A had no competitive activity in noncancer tissues (J-L). The ceRNA pair (lncRNA-miRNA-mRNA) with a correlation coefficient ≥ 0.5 determined by qRT-PCR was
defined as the final ceRNA triplet.

Figure 9. Downregulated SATB1-AS1 or ZNF561-AS1 contributes to the EMT process in LSCC.Wound healing assay was performed in SNU1066 cells transfected with
siRNA-NC (siRNA-negative control), siRNA-SATB1-AS1 or siRNA-ZNF561-AS1 (A). The migration rate in the wound healing assay (B). Transwell migration assay (C) and
the corresponding migrated cell numbers (E) after siRNA transfection. Transwell invasion assay (D) and the corresponding invaded cell numbers (F) after SNU1066
cells were transfected with siRNA-NC, siRNA-SATB1-AS1 or siRNA-ZNF561-AS1.
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AS1 or siRNA-ZNF561-AS1 had increased migration ability
compared with the siRNA negative control group (Fig. 9A–C,
E). In addition, the transwell invasion assay indicated that lar-
yngeal cancer cells gained more invasive ability when either
SATB1-AS1 or ZNF561-AS1 was downregulated (Fig. 9D,F).
These results showed that aberrant expression of SATB1-AS1
and ZNF561-AS1 contributes to the EMT process of LSCC,
indicating that the SATB1-AS1 and ZNF561-AS1 regulatory
ceRNA networks may play important roles in LSCC.

Discussion

LSCC remains a major threat to human health and the second
most common malignant neoplasm of the head and neck.
Despite the development of diagnostic and treatment strate-
gies, the prognosis of patients with LSCC remains poor,
mostly due to local or distant metastasis and recurrence [1].
A large number of studies have recently revealed that
lncRNAs are commonly dysregulated in carcinomas, suggest-
ing that these RNAs play critical roles in tumorigenesis and
progression [7,12,17]. However, little is known about the role
of lncRNAs in LSCC, yet comprehensively identifying the
lncRNA profile and investigating the mechanism of action
involving lncRNAs might provide new insight into the patho-
genesis of LSCC.

In this study, we examined the complexity of the transcrip-
tome, including lncRNAs, miRNAs and mRNAs, of LSCC
using high-throughput RNA sequencing. In total, differential
expression of 171 lncRNAs, 36 miRNAs and 1709 mRNAs
were detected. As shown in Figure S1, unlike mRNAs which
showed a different pattern of clusters between the tumours
and normal samples, lncRNAs did not show apparent differ-
ences of clusters. One reason that can explain this finding is
the heterogeneity of the different clinical samples and the
sequencing of a small number of samples in our study. To
the best of our knowledge, our study is the first to compre-
hensively investigate the transcriptome lncRNA, miRNA, and
mRNA profiles in LSCC. Finally, six differentially expressed
lncRNAs, eight differentially expressed mRNAs and three
miRNAs were validated by qRT-PCR, and the findings were
consistent with the RNA sequencing results. Even though
some of the miRNAs computationally identified by RNA
sequencing were validated by qRT-PCR, further investigation
is still needed to elucidate their roles and mechanism in
LSCC. For example, the biological roles of miR-451a, which
was identified as a downregulated miRNA in LSCC and has
been reported in recent studies, are still unclear in LSCC and
further experiment are needed [39,40].

KEGG pathway analysis based on the differentially
expressed mRNAs indicated that several pathways may play
important roles in LSCC pathogenesis, including tight junc-
tions, the calcium signalling pathway, the Rap 1 signalling
pathway and the Hippo signalling pathway; thus, the DEGs
identified may play crucial roles in LSCC pathogenesis by
regulating these associated pathways. Moreover, according to
GO annotation results, the most significant GO terms were
cellular process, cell, cell part and binding, indicating that
aberrant mRNA expression contributes to the biological pro-
cess of carcinogenesis in LSCC. This functional annotation

provides bioinformatics-based evidence regarding the poten-
tial underlying mechanism driving LSCC tumorigenesis.
Recent studies have suggested that lncRNAs may affect biolo-
gical behaviour by regulating neighbouring or distantly
located genes in a cis- or trans-regulatory manner [41,42].
In this study, we constructed cis- and trans-regulatory net-
works of aberrantly expressed lncRNAs, offering new insight
into the molecular mechanism of action of lncRNAs in LSCC.

Accumulating evidence suggests that ncRNAs can modify
mRNA expression via the RNA-RNA crosstalk-based ceRNA
mechanism by competing for the MREs of miRNAs through
an indirect posttranscriptional mechanism [15,19,43,44].
Although the existence of this competitive mechanism is
controversial [45,46], empirical evidence supports this
hypothesis, and an increasing number of reports focus on
elucidating the role of a ceRNA-related mechanism involving
RNA-RNA interactions in tumorigenesis [18,47–51].
Moreover, reliable methods for identifying lncRNA-miRNA
interactions have been developed in recent years. For exam-
ple, traditional miRNA target prediction methods are
designed to identify lncRNA-miRNA interactions based on
potential target site characteristics [24,52], in conjunction
with the verified experimental method [53]. Additionally,
CLIP-Seq or AGO-chip provide reliable data sets for miRNA-
lncRNA interactions or precise target prediction of lncRNAs
[22]. To obtain more accurate assessments of ceRNAs, an
additional analytical strategy, such as coexpression relation-
ship analysis, should be integrated into the ceRNA construc-
tion pipeline [36,54]. In the present study, a ceRNA network
was constructed based on DEGs RNA-RNA interactions via
competition for shared miRNAs and hypergeometric test cali-
bration, and 4631 ceRNA triplets were obtained, including
100 lncRNAs, 111 miRNAs and 599 mRNAs in
a complicated regulatory network. In this regulatory network,
miRNAs such as hsa-miR-1299, hsa-miR-592, and hsa-miR
-140-3p have been demonstrated to be aberrantly expressed in
the pathogenesis of cancers and are strongly associated with
the correlated modules; conversely, hsa-miR-6720-5p and hsa-
miR-5187-5p have not yet been investigated [55–57]. To
ensure the credibility of the ceRNA construction method, we
compared the identified ceRNA in the starBase database.
A total of 36 ceRNA triplets of interest were identified as
being matched with those from the starBase database, includ-
ing lncRNA CCDC18-AS1, KCNQ1OT1, hsa-miR-1299, and
hsa-miR-592 as the hub genes (Table 1). Notably, the lncRNA
TMEM51-AS1, identified as one of the highly connected
modules in the network, was found to be connected to chro-
mophobe renal cell carcinoma development [58], though hub
lncRNA modules including AC090617.5–201, KCNQ1OT1,
JPX-212, and AL513314.2–202 have never been evaluated.
Overall, these novel lncRNAs and related ceRNA triplets
may contribute to the development of LSCC. Furthermore,
the mRNAs in this network, including ANGEL2, ASXL2,
CHD9, CLNS1A, CYP26B1, DOK6, EGFR and EIF4E3, have
the strongest interactions with lncRNAs via miRNAs, suggest-
ing their potential functions and regulatory roles in LSCC.

lncRNAs can act as miRNA sponges, regulating down-
stream coding genes. More importantly, the identification of
functional regulatory triplets in the ceRNA network could
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provide useful clinical information [43]. Furthermore, we
performed functional enrichment analysis of the ceRNA net-
work based on the mRNAs, and the results revealed that
functional annotation subsets, including bladder cancer, the
phosphatidylinositol signalling system, the ras signalling path-
way and the Hippo signalling pathway, play dominant roles.
In addition, the most significant GO terms were protein
binding, nucleoplasm, and cytosol. Functional enrichment
analysis collectively provides a comprehensive landscape of
potential mechanisms involving functional RNA-RNA inter-
actions in LSCC.

Based on our functional enrichment analysis results,
mRCNs extracted from the ceRNA network were reconstructed
and experimentally validated by assessing correlations between
lncRNAs and downstream mRNAs. ZNF561-AS1 was verified
to regulate WNT5A by targeting miR217, and SATB1-AS1 was
able to regulate SAV1/CCNG2/SH3KBP1/JADE1/HIPK2 by
sponging miR1299. Moreover, the siRNA experiment targeting
ZNF561-AS1 showed a dramatic expression correlation
between ZNF561-AS1 and WNT5A, indicating that ZNF561-
AS1 most likely acts as a ceRNA targeting WNT1A. Similarly,
the results showed that SATB1-AS1 may regulate SAV1/
CCNG2/SH3KBP1/JADE1/HIPK2 to some extent by sponging
miR-1299. More importantly, for the first time, both down-
regulated SATB1-AS1 and ZNF561-AS1 were demonstrated to
enhance LSCC cell migration and invasion after knockdown by
siRNA. This preliminary experimental evidence indicated the
potential roles of ZNF561-AS1- and SATB1-AS1-related
ceRNA networks in LSCC; however, additional comprehensive
evidence should be obtained to fully elucidate the specific
ceRNA mechanism. Furthermore, increasing evidence suggests
that ceRNA activities represent another important factor affect-
ing ceRNA function in vivo, in conjunction with specific
ceRNA patterns in cancers [37,59]. ceRNA activities may
depend on the level of lncRNA expression and the total num-
ber of available miRNA-binding sites, which are usually asso-
ciated with the miRNA expression level, either directly or
indirectly [21]. Under these circumstances, the existence of
ceRNAs with different activities suggests that lncRNA-miRNA-
mRNA interactions may be impaired in certain pathological
environments, contributing to tumorigenesis through the loss
or gain of ceRNA activities. For example, by sponging
miR1299, SATB1-AS1 may gain the ability to modify the cod-
ing genes JADE1 and HIPK2; however, these ceRNA activities
were not observed in normal tissue. Similarly, the ceRNA
activity by which ZNF561-AS1 regulates WNT5A may contri-
bute to LSCC, and the ceRNA activity by which SATB1-AS1
indirectly regulates CCNG2 was found to be more pronounced
in cancerous tissue than in normal tissue. These findings indi-
cate that the aberrant activities of STAB1-AS1 may contribute
to LSCC pathogenesis. Interestingly, SATB1-AS1 showed simi-
lar levels of activity in terms of regulating SAV and SH3KBP1
in both LSCC tissues and noncancerous tissues. This may be
attributed to the complex mechanisms of action involving
lncRNAs other than ceRNA mechanisms, such as trans- and
cis-gene regulation or epigenetic regulation, which can also
induce coexpression of lncRNAs and related protein-coding
genes [12,19,41,60–62]. Collectively, these results indicated
that the ceRNA pattern may serve as a potential prognostic

biomarker for LSCC. Nonetheless, further experimental inves-
tigation into the ceRNA mechanisms underlying mRCNs is
needed.

In summary, a regulatory network containing 4631
ceRNA triplets was constructed based on differentially
expressed lncRNAs, miRNAs and mRNAs derived from
transcriptome-wide RNA sequencing. A mRNA-related
RNA-RNA interaction network was then generated, fol-
lowed by experimental validation via assessment of the
coexpression relationship of lncRNAs and downstream
mRNAs, as well as functional experiments. Besides, the
ceRNA pattern and activities of the validated mRCNs in
LSCC were analysed. However, a limitation of this study is
that most of the ceRNA networks identified were largely
based on correlation analysis. While some experimental
evidence was included, further strong evidence should be
obtained to fully elucidate the identified ceRNA regulatory
networks in LSCC [7]. Collectively, the results of this inves-
tigation uncovered the ceRNA regulatory network in LSCC,
with the comprehensive elucidation of the roles of ncRNAs
in the pathogenesis of LSCC. Our study offers new insight
into the potential for the ceRNA regulatory module to be
a valuable biomarker for the diagnosis and treatment of
LSCC.
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