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ORAL squamous cell carcinoma (OSCC) is a malignant tumor with the highest incidence
among tumors involving the oral cavity maxillofacial region, and is notorious for its high
recurrence and metastasis potential. Long non-coding RNAs (lncRNAs), which regulate
the genesis and evolution of cancers, are potential prognostic biomarkers. This study
identified HOTAIRM1 as a novel significantly upregulated lncRNA in OSCC, which is
strongly associated with unfavorable prognosis of OSCC. Systematic bioinformatics
analyses demonstrated that HOTAIRM1 was closely related to tumor stage, overall
survival, genome instability, the tumor cell stemness, the tumor microenvironment, and
immunocyte infiltration. Using biological function prediction methods, including Weighted
gene co-expression network analysis (WGCNA), Gene set enrichment analysis (GSEA),
and Gene set variation analysis (GSVA), HOTAIRM1 plays a pivotal role in OSCC cell
proliferation, and is mainly involved in the regulation of the cell cycle. In vitro, cell loss-
functional experiments confirmed that HOTAIRM1 knockdown significantly inhibited the
proliferation of OSCC cells, and arrested the cell cycle in G1 phase. At the molecular level,
PCNA and CyclinD1 were obviously reduced after HOTAIRM1 knockdown. The
expression of p53 and p21 was upregulated while CDK4 and CDK6 expression was
decreased by HOTAIRM1 knockdown. In vivo, knocking down HOTAIRM1 significantly
inhibited tumor growth, including the tumor size, weight, volume, angiogenesis, and
hardness, monitored by ultrasonic imaging and magnetic resonance imaging In
summary, our study reports that HOTAIRM1 is closely associated with tumorigenesis
of OSCC and promotes cell proliferation by regulating cell cycle. HOTAIRM1 could be a
potential prognostic biomarker and a therapeutic target for OSCC.
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INTRODUCTION

Oral squamous cell carcinoma (OSCC) is recognized for its high
recurrence and metastasis rate, and is the most frequent
malignancy in oral tumors, and in particular, presents
constantly increasing morbidity (Ferlay et al., 2015;
Economopoulou et al., 2017). Although surgeons are
constantly adjusting surgical approaches and improving
multidisciplinary therapy, the 5-years survival rate of 50% still
represents a very poor prognosis, which is related to the specific
tissue involved, clinical features, histopathological grading, or
other factors (Bray et al., 2018). From another standpoint, the
cure rate increases to above 90% through early interventional
treatment, in individuals who are diagnosed with early-stage
cancer (Lingen et al., 2008; Qiu et al., 2021a). Therefore, it is
an urgent task to explore valuable biomarkers, which can provide
predictive evidence for the identification of OSCC high-risk
groups, early diagnosis, selection of treatment methods, and
monitoring of prognosis monitoring.

With the achievements of genome engineering, scientists have
no longer been limited to the development of a coding genome,
alternatively, they now focus on the non-coding genome, which
accounts for 98% of the whole genome (Rong et al., 2021). Long
non-coding RNAs (lncRNAs) have emerged as non-coding
RNAs, which are defined as a type of RNAs with transcription
length not exceed 200 bp, and structural diversity with no coding
ability (Salmena et al., 2011). LncRNAs that regulate the
expression pattern of mammalian coding genes at the
transcriptional or post-transcriptional levels directly or
indirectly have been demonstrated on the basis of numerous
studies (Winkle et al., 2021). LncRNAs participate in complicated
biological processes and are vital regulators in regulating or
deregulating expression of genes that determine the cellular
fate. LncRNAs have been identified to be involved in cancer
formation and development in thyroid cancer, head and neck
cancer, pancreatic cancer, and glioma (Ahadi 2020; Song and Kim
2021). Studies have confirmed that abnormal expression of some
functional lncRNAs could affect the progression of cancer. For
example, LINC00941 is abnormally upregulated in pancreatic
cancer, promoting glycolysis by regulating the Hippo pathway,
thereby promoting the malignant biological behavior of
pancreatic cancer (Xu et al., 2021a). H19 is a significantly
down-regulated lncRNA in prostate cancer confirmed to
inhibit the invasion of tumor cells by targeting TGFBI via
regulating miR-675, which could be a biomarker to benefit
diagnosis and therapy of advanced prostate cancer (Zhu et al.,
2014). Thus, it is of the utmost importance to explore the
expression, distribution, and molecular biological function of
OSCC-related lncRNAs as valuable markers in diagnosis,
treatment, and prognosis. It has been reported that the
expression of HOTAIRM1 is evidently downregulated in lung
adenocarcinoma tissues, and the growth of H1650 and PC-9 cell
lines were accelerated by promoting cell-cycle progression when
HOTAIRM1 was silenced (Chen et al., 2020). In glioblastoma
(BGM), researcher confirmed the upregulation of HOTAIRM1,
and further demonstrated that HOTAIRM1 acted as a facilitator
of malignant-behavior in BGM, which was shown to accelerate

the occurrence of migration and invasion (Xie et al., 2020). It’s a
sign that HOTAIRM1 may be a cancer-associated lncRNA and
influences the malignant progression of some cancers.
Nevertheless, the expression pattern and molecular function of
HOTAIRM1 in OSCC have not been elucidated to date.

In our study, HOTAIRM1 was identified as an upregulated
lncRNA and was found to be closely associated with OSCC
overall survival (OS), tumor stage, genomic instability, the
tumor cell stemness, the tumor microenvironment (TME), and
immune inflammation. In addition, our in vitro studies revealed
that HOTAIRM1 could accelerate the cell proliferation by
regulating the cell cycle of OSCC cells. In vivo, the tumor
growth was significantly inhibited by HOTAIRM1 knockdown,
including tumor size, weight, volume, angiogenesis, and tumor
hardness, as assessed by ultrasonic imaging (USI) and magnetic
resonance imaging (MRI). In conclusion, our findings have
demonstrated that HOTAIRM1 is a risk factor for OSCC, and
confirmed its function, and we suggest that HOTAIRM1 could be
a novel biomarker for the early diagnosis and therapy of OSCC.

MATERIALS AND METHODS

Data Extraction
The data used for our analysis was obtained from TCGA-HNSC
dataset, which can be downloaded through the Genomic Data
Commons (GDC) (https://portal.gdc.cancer.gov/), and including
the following information: Exp (expression data gathered in
HTSeq-Counts, HTSeq-FPKM, copy number variation (CNV)
and somatic mutations data. From the UCSC Xena database
(https://xenabrowser.net/), we obtained the clinical phenotype
and survival data. Patient samples with lesion sites in the oral
cavity (lip, gum, palate, jaw, floor of mouth, tongue, maxilla,
mandible, and buccal mucosa) were selected for our study and
those without clinical data information were excluded.

Data Processing and Differential
Expression Analysis
Firstly, the genes whose 80% of samples’ count value was at least
one were retained for the following analyses. Meanwhile, the
human gene transfer format (GTF) annotation file was acquired
from the GENCODE project (http://www.gencodegenes.org,
release 35) to convert the Ensembl gene ID into the gene
symbol and extracted the lncRNAs and protein-coding genes
profiles. Then, 4324 lncRNAs and 15952 mRNAs and their
corresponding count and FPKM expression profiles were
obtained.

Secondly, differential expression analysis of lncRNAs between
OSCC and control samples was performed using the R “DESeq2”
package. It was considered to be significant when DEGs meeting
the following conditions: I. false discovery rate (FDR) < 0.01; II. |
log2Fold Change (FC)|> 1 (Zhao and Ruan 2020; Xu et al., 2021b;
Markert, et al., 2021). Here, we focused on the lncRNA
HOTAIRM1, who is associated with multiple cancers, for
subsequent analysis. The samples were divided into high- and
low-HOTAIRM1 groups after the median HOTAIRM1
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expression value (1.5948) was set as the cut-off point (Ozawa
et al., 2017).

Survival Analysis
The R package “survival” and “survminer” were used to perform
univariate and multivariate Cox regression analyses and Kaplan-
Meier survival analysis. To retian the samples with complete
clinical data, we screened 288 samples from 324 OSCC patients
for overall survival (OS) analysis. The low and high groups were
cut-off through the median of HOTAIRM1 expression value.
p-value < 0.05 was considered statistically significant based on
log-rank test.

Genomic Variation Analysis
Firstly, the CNV data relevant to HOTAIRM1 expression were
analyzed using “gistic2.0” software, setting 0.1 as the q-value, and
was specific to chromosomes alterationsbetween HOTAIRM1-
high and HOTAIRM1-low groups; the results are presented using
the R package “maftools”. Secondly, to compare the tumor
mutation burden (TMB) between HOTAIRM1-high and
HOTAIRM1-low groups, the somatic raw variant counts
identified by TCGA were calculated, while whole-exome
38 Mb size was regarded as the estimate. Finally, to analyze
the correlation between the HOTAIRM1 and genetic
mutation, the Pearson correlation coefficient (PCC) was
calculated on the HOTAIRM1 expression and genetic
mutations vector. It is considered to be significantly correlated
when p-value of PCC< 0.05.

Correlation Analyses Between Tumor
Microenviroment and HOTAIRM1
For analyzing the association between tumor microenvironment
(TME) and HOTAIRM1 expression, the R packages “ESTIMATE”
was employed to get the stromal score, immune score and
ESTIMATE score (Yoshihara et al., 2013). And, to assess the
state of infiltration of immune cells, the CIBERSORT algorithm
was used to analyze (Newman et al., 2015). The PCCwas conducted
to analyze the correlation between HOTAIRM1 and tumor cell
stemness, TME and immune-infiltrating cells. A significant
correlation was considered to be when p-value of PCC< 0.05.

Weighted Gene Co-Expression Network
Analysis
According to absolute median difference of expression values, the
first 5000 mRNAs in all the OSCC samples were selected to
conduct WGCNA using the R package “WGCNA” (Langfelder
and Horvath 2008) to aquire the gene-sets associated with
HOTAIRM1. The power parameters were selected through the
“pickSoftThreshold.” We use topology overlap similarity (TOM)
matrix to represent the similarity of two genes in network
structure and modules containing at least 30 genes were
retained. We next calculated the correlation coefficient
between the modules and HOTAIRM1 expression to
determine the modules most related to HOTAIRM1. To
identify the key genes in this module having gene significances

(GS) ≥0.3, the module membership (MM) in the top 10% after
calculating were obtained.

Next, we further analyzed the biological functions involved in
these key genes. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis were completed by the R
package “ClusterProfiler.” After the Benjaminiand Hochberg (BH)
correction, p-values< 0.05 were considered to indicate significantly
enriched function and the results were displayed by R package
“ggplot2” and “enrichplot”, respectively. In addition, we obtained
the protein-protein interaction (PPI) information of key genes
from the STRING database (https://string-db.org/) and visualized
the PPI network using “cytoscape” software. In this study, the
interaction pairs with combined score> 0.4 were retained.

Analysis of Biological Function Associated
With HOTAIRM1 Up-Regulation
To further identify the biological changes caused by abnormal
HOTAIRM1 expression, we choose the top 20% samples of the
high-HOTAIRM1 group (highest 20% samples) and the bottom
20% samples of the low-HOTAIRM1 group (lowest 20% samples) to
analyze. The rank of each mRNA was determined based on their
Fold Change value (DESeq2) in the above samples. Meanwhile, the
gene sets of Hallmark, KEGG pathways, GO-BP terms and
Reactome pathways were all collected from Molecular Signatures
Database (MSigDB). Then, applying the R software package
“clusterProfiler” to conduct Gene Set Enrichment Analysis
(GSEA), and the gene sets were significant with adjust p-values
(BH) < 0.05. Finally, to confirm that HOTAIRM1 was indeed
involved in the biological processes of the cell cycle and cell
proliferation in OSCC, the Gene Set Variation Analysis (GSVA)
was conducted in low- and high- HOTAIRM1 expression groups.
This process was completed by R “GSVA” package.

Cell Culture
Human OSCC cell lines (Cal27 and SCC9) were obtained from the
Harbin Medical University (Harbin, China), and human oral
epithelial cells (HOEC) were originally supplied by the American
Type Culture Collection (ATCC, United States). Cal27 and HOEC
cells were maintained in a 37°C incubator with humidified
atmosphere containing 5% CO2 and cultured with Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% Fetal Bovine
Serum (FBS), while Roswell Park Memorial Institute-1640 (RPMI
1640) containing 10% FBS was used for SCC9 cells.

Cell Transfection
Specific sh-RNAs (sh-HOTAIRM1) and the control sh-RNAs
(sh-NC) were obtained from General Biosystems (Anhui, China).
The sh-RNAs were transfected using the Lipofectamine 3000
reagent (following the manufacturer’s instructions) to
knockdown HOTAIRM1 expression in Cal27 and SCC9 cells.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA of OSCC cells was isolated using a Total RNA
Extraction Kit (Suzhou, China) and then transcribed into
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cDNA using Prime Script RT Reagent Kit (Takara, Shiga, Japan).
Subsequently, the SYBR Green Master Mix (TOYOBO, Japan)
was applied to conduct quantitative real-time polymerase chain
reaction (qRT-PCR) on the ABIPRISM 7900HT instrument
(Applied Biosystems, United States). The above experiments
were repeated 3 times. Primer sequences used were as follows:

HOTAIRM1
F: 5′-TTGACCTGGAGACTGGTAGC-3′
R: 5′-TTCAGTGCACAGGTTCAAGC-3′;
β-actin
F:5′ ATGAACTGGCGAGAGGTCTGT3′
R:5′ CCAGGAATGAGTAACACGGAGT3′.

Cell Counting Kit-8 Assay
The Cell counting kit-8 (CCK-8) (Dojindo, Rockville, MD,
United States) was used to estimate the proliferation ability.
The CCK-8 solution (10 μL) was added at specified culture
time points (24, 48, 72, and 96 h), to each well of Cal27 and
SCC9 cells seeded in a 96-well plate (density: 2.0 × 103 cells/well),
and then cultured for an additional 2 h at 37°C in the dark.
Finally, the optical absorption value, which represented the
number of viable cells, was evaluated at 450 nm.

Colony Formation Assay
One thousand treated OSCC cells were plated in a culture dish
whose diameter was 6-cm. After a 2-week culture, visible colonies
were fixed with methanol after staining with 0.5% crystal violet
for 15 min, and were counted using a microscope (IX51,
Olympus, Tokyo, Japan).

Western Blotting
First, the total proteins were extracted from the cells using the
radioimmunoprecipitation assay buffer (Pierce, Rockford, IL,
United States). The proteins at equivalent amount were
employed for the sodium dodecyl sulfate-polyacrylamide gel
electro-phoresis (SDS-PAGE), and then transferred to the
polyvinylidene fluoride membranes. After blocking
membranes with 5% non-fat milk/TBST for 1 hour,
incubation with the primary antibodies, including PCNA,
Cyclin D1, CDK4, CDK6, β-actin (Proteintech, Wuhan,
Hubei, China), p53 and p21 (Cell Signaling Technology,
Danvers, MA, United States), were performed at 4°C
overnight. Next, blots were exposed to the corresponding
horseradish per-oxidase-conjugated secondary antibodies for
an additional hour at room temperature. The secondary
antibodies used in this study, including anti-mouse IgG and
anti-rabbit IgG, were provided by Proteintech (Wuhan, Hubei,
China). Finally, images of protein bands were obtained using the
BioSpectrum 600 Imaging System (UVP, United States).

Cell Cycle Analysis
Transfected OSCC cells were washed twice by cold PBS and fixed
using precooled 75% ethanol. Thereafter, the cell-cycle phase
distribution of samples that had been digested using RNase
(10 mg/ml) and stained using propidium iodide (PI, 1 mg/ml),
were detected, and analyzed on FACSCalibur flow cytometer (BD

Biosciences, United States). The above process was repeated
3 times.

Animal Experiments in vivo
The female BALB/c nude mice (aged, 4–5 weeks) were purchased
from Charles River Japan (Beijing, China) and maintained in a
sterile environment. This animal experiment was approved by the
Committee on Animals of the First Affiliated Hospital of Harbin
Medical University (Harbin, China). After animals were
anesthetized, Cal27 cells (sh-NC or sh-HOTAIRM1) were
injected subcutaneously into the bilateral flanks of BALB/c
nude mice. For each mouse, the OSCC cells transfected with
sh-NC were inoculated into the left flank, while the OSCC cells
transfected with sh-HOTAIRM1 were inoculated into the right
flank. Every week, the animal models were weighed and
measured, and subjected to USI and MRI to observed
neoplastic formation and growth, for a total treatment period
of 4 weeks. The tumor volume was calculated using the following
formula: V � 0.5 × length ×Width2. At the end of the experiment,
the tumors in mice were excised after the animals were
euthanized.

Ultrasonic Imaging
The Ultrasound System (Aplio 500, Canon, Japan) was applied to
observe the tumors in vivo by USI. The specific imaging modes
used were B-mode ultrasonography to evaluate neoplastic
growth, Color doppler flow imaging (CDFI) and Color Power
Angio (CPA) were used to evaluate angiopoiesis and Ultrasonic
elastosonography (USE) to evaluate the tumor stiffness.

Magnetic Resonance Imaging
MRI soft tissue imaging was performed using an Achieva 3.0T TX
MRI System (Philip, Netherlands) to observe the neoplastic
growth and signal intensity with clinical oral floor imaging
sequences, containing T1WI, T2WI and T2-FLAIR images.

Statistical Analysis
SPSS software (Version 22.0, Armonk, NY, United States) was
employed to conduct the statistic analysis. All the experimental
data, which were obtained after three repetitions of independent
experiments, were presented as means ± standard deviation (SD).
To compare the difference between two groups, the Student’s
t-test was performed, and one-way ANOVA was conducted to
compare the difference between multiple groups. It was regarded
as statistically significant when p-values < 0.05.

RESULTS

HOTAIRM1 was identified as abnormally upregulated in OSCC
and was associated with tumor stage and worse prognosis

Figure 1 shows the complete workflow of our study to explore
LncRNA HOTAIRM1 in OSCC. According to the conditions in
“Data Extraction” screening, we finally acquired 342 OSCC
patients and a control group comprised of 32 para-cancerous
samples (Supplementary Table S1). Following calculation and
processing of the sample data, finally, 4324 lncRNAs and 15,952
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mRNAs were obtained. Then the obtained lncRNAs were
employed for the DEG analysis. Eventually, we identified 1069
abnormally expressed lncRNAs in the OSCC dataset
(Supplementary Table S2), which are illustrated in the
volcano plot in Figure 2A, including 717 upregulated
lncRNAs and 352 downregulated lncRNAs. Among the DEGs,
HOTAIRM1was observed to be a markedly upregulated lncRNA,
which has not been reported in previous studies on OSCC.
Further, we found that HOTAIRM1 was indeed highly
expressed in cancer samples but not in normal samples, even
in the paired-samples comparison (Figures 2B,C). In addition,
the expression of HOTAIRM1 in OSCC cell lines (SCC9 and
Cal27) was also significantly higher than in human oral epithelial
cells (HOEC), as assessed by qRT-PCR (Figure 2D). The power
of prediction by HOTAIRM1 as a potential biomarker was
evaluated by a receiver operating characteristic (ROC) curve
and the area under the ROC (AUC). The result showed that
the AUC value was 0.838, indicating the excellent power of
prediction by HOTAIRM1 as a potential biomarker
(Supplementary Figure S1). Next, we conducted an analysis
to evaluate the relationship between OS and clinical data,
including HOTAIRM1 expression, age, gender, tumor stage,
smoking as variables. In the univariate Cox-regression analysis,
HOTAIRM1 expression and tumor stage were revealed as the risk
factors for OSCC patient prognosis. While, in the multivariate
Cox-regression analysis, age, HOTAIRM1 expression and tumor
stage were all significantly independent predictors of OS of OSCC
patients (Table 1). Thus, it was reasonable to suspect that the

elevation of HOTAIRM1 may be a risk factor for OSCC. In
addition, we identified a correlation between HOTAIRM1
expression and tumor stage, indicating that more advanced
OSCC stage was associated with the higher expression of
HOTAIRM1 (Figure 2E). With regard to OS analysis, OSCC
patients with high-HOTAIRM1 expression were characterized by
a low survival rate and poorer bleak prognosis (Figure 2F).
Combined with the above findings, we considered
HOTAIRM1 as a risk factor likely to promote tumorigenesis
of OSCC.

Upregulation of HOTAIRM1Was Associated
With Genomic Instability
To explore the inherent factors associated with abnormal
HOTAIRM1-expression and OSCC carcinogenesis, we
investigated different genomic alterations in terms of
somatic variation and CNVs. First, we evaluated the copy
number variation status between groups with high-
HOTAIRM1 and low-HOTAIRM1 levels (Figure 3A), and
determined that amplification of CHR3 and deficiency of
CHR2 were significant variations in the high-HOTAIRM1
expression group, whereas in the low-HOTAIRM1
expression group, CHR11 amplification and the CHR13
deficiency were observed. These findings associated
HOTAIRM1 expression to CNVs of specific genes. Next,
we evaluated tumor mutation burden (TMB) status. In the
high-HOTAIRM1 group, the TMB was evidently higher

FIGURE 1 | The flowchart of this study.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 7985845

Yu et al. LncRNA HOTAIRM1 in OSCC

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


compared to that in the low-HOTAIRM1 expression group
(Figure 3B), which indicated that non-synonymous
mutations may be involved in the dysregulation of
HOTAIRM1 (t-test, p < 0.05). To better understand the
underlying link between genetic mutations and the

dysregulation of HOTAIRM1, we identified the first five
most relevant mutated genes (TP53, FAT1, MUC16,
DNAH5, HRAS), which provided evidence for the
association between genome aberrations and upregulation
of HOTAIRM1 in OSCC (Figure 3C).

FIGURE 2 |Upregulation and clinical significance of HOTAIRM1 in OSCC. (A) Volcano plot for DEGs. The blue represented the significantly down-regulated genes;
the red dots represented the significantly up-regulated genes; the green dot was the HOTAIRM1. (B) The comparison of HOTAIRM1 expression between all OSCC
samples and control samples. (C) The comparison of HOTAIRM1 expression between OSCC tissues and corresponding adjacent normal tissues. (D) qRT-PCR analysis
confirming HOTAIRM1 upregulation in OSCC cell lines. (E) Correlation analysis between HOTAIRM1 expression and OSCC tumor stage indicating the higher
HOTAIRM1 expression was associated with a higher tumor stage. (F) Kaplan-Meier analysis suggested that high HOTAIRM1 expression was associated with
unfavorable prognosis in OSCC. *p < 0.05, **p < 0.01.

TABLE 1 | Univariate and multivariate Cox regression analyses for overall survival in OSCC patients.

Variables Status Number Univariate analysis Multivariate analysis

DSBA 95% CI
of HR

Pvalue HR 95% CI
of HR

P- value

HOTAIRM1 low/high 146/142 1.414 1.000–1.999 0.049a 1.458 1.019–2.087 0.039a

Age ≤60/>60 126/162 1.314 0.924–1.870 0.129 1.505 1.031–2.197 0.034a

Gender female/male 90/198 0.943 0.655–1.359 0.754 0.940 0.639–1.382 0.753
Tumor stage stage I 18 1 (ref) — — 1 (ref) — —

Stage II 51 1.9773 0.584–6.693 0.273 1.738 0.510–5.921 0.377
Stage III 60 2.6724 0.801–8.920 0.110 2.231 0.663–7.507 0.195
Stage IV 159 4.2115 1.329–13.343 0.015a 3.637 1.137–11.658 0.030a

Smoking no/yes 197/91 1.3787 0.956–1.989 0.086 1.230 0.839–1.803 0.288

ap < 0.05.
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HOTAIRM1 Expression Was Related With
the Tumor Cell Stemness and Tumor
Microenvironment
To explore the relationship between HOTAIRM1 expression and
tumor cell dryness, pearson correlation analysis was performed
between HOTAIRM1 expression and stemness indices from
mRNA level (mRNAsi). The results showed that the higher
HOTAIRM1 expression was, the higher mRNAsi was
(Figure 3D), implying that HOTAIRM1 may contribute to the
progression of OSCC (p � 0.0071). It is well known that tumors
and the TME are an indivisible whole, therefore, we analysed the
association between HOTAIRM1 and stromal cells, and
immunocyte infiltration. The pearson correlation analysis
showed that HOTAIRM1 expression level was negatively
correlated with Stromal Score, ESTIMATE Score and Immune
Score (Figure 3E). With regard to immune-infiltrating cells, there
were four closely related immune cells associated with
HOTAIRM1 expression. Among these, there was a negative
correlation between HOTAIRM1 expression and resting mast
cell and M1 macrophages levels, while a positive correlation was
observed between HOTAIRM1 expression and eosinophils and

monocytes infiltration (Figure 3F). The above results suggested
that HOTAIRM1 might facilitate tumor cell proliferation
in OSCC.

Biological Functions Related to HOTAIRM1
in ORAL Squamous Cell Carcinoma
WGCNA was used to screen genes interacting with HOTAIRM1
in OSCC. A total of 14 modules were obtained following data
processing (Figure 4A), in which the brown module was
identified as the most significantly related to HOTAIRM1 as it
presented the highest Pearson’s coefficient, which suggested
signifying that HOTAIRM1 may could regulate or be
regulated by these genes in brown module (Figure 4B). A
total of 57 key genes whose expression was recognized as
being influenced by HOTAIRM1 and were used to speculate
the functions of HOTAIRM1 in OSCC (Figure 4C). Following
functional enrichment analysis on these key genes, the 57 genes
were determined to be active in biological processes regulating
cell proliferation, including DNA replication, mitotic nuclear
division, and changes in cell cycle phases (Figure 4D). In the
KEGG pathways analysis, the DNA replication, Mismatch repair,

FIGURE 3 | Correlation analyses between HOTAIRM1 and tumorigenesis-relevant variables. (A) The copy number variation of each chromosome in the samples
with high-HOTAIRM1 and low-HOTAIRM1 expression of OSCC is shown. The red peaks represent recurring focal amplification of chromosomes, while the blue areas
represent deletions. (B) TMB was higher in OSCC patients with high-HOTAIRM1 expression than in patients with low-HOTAIRM1 expression. (C) Relevance between
HOTAIRM1 expression and status of gene mutations and the five most correlated genes. (D) The relative association between the stemness index and HOTAIRM1
expression in OSCC. (E) The correlation analysis between HOTAIRM1 expression and cellular components related to the tumor microenvironment in OSCC, as
assessed by the stromal score, immune score, and ESTIMATE score. (F) Several immune-infiltrating cells markedly associated with HOTAIRM1 expression.
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and Nucleotide excision repair pathways were significantly
enriched and were associated with cellular proliferation
(Figure 4E). The above results indicated that HOTAIRM1 was
involved in OSCC-cell proliferation and specifically in cell cycle
regulation. A PPI-network-analysis was performed, which
demonstrated the interactive relationship between the 57
critical genes, which supported the functional prediction
regarding HOTAIRM1 activity in OSCC (Figure 4F). In
addition, we retained the interaction pairs with combined
score> 0.4 (Supplementary Table S3).

Gene Set Enrichment Analysis and Gene Set
Variation Analysis Indicated HOTAIRM1
Promoted Cell Proliferation
GSEA was used to identify the potential biomolecular alterations
caused by up-regulation of HOTAIRM1, focusing on the gene
sets of Hallmark, GO, KEGG, and REACTOME. The gene sets
enriched were mostly related to cell proliferative processes, for
example, DNA repair and E2F targets in Hallmark (Figure 5A),

regulation of the cell cycle G2/M phase transition and nucleotide
excision repair in GO (Figure 5B), DNA replication and
homologous recombination in KEGG (Figure 5C), and cell
cycle checkpoints and G1/S DNA damage checkpoints in
REACTOME (Figure 5D). GSVA was conducted to further
confirm the GSEA results by comparing the cellular
proliferation activity between groups with high-HOTAIRM1
and low-HOTAIRM1 expression, and a more active state of
cellular proliferation was observed in high-HOTAIRM1
expression group (Figures 5E–H).

Knockdown of HOTAIRM1 Inhibited
Proliferation and Arrested the Cell Cycle of
ORAL Squamous Cell Carcinoma Cells
To evaluated the influence on cell proliferation induced by the
upregulation of HOTAIRM1 expression in OSCC, we used a sh-
HOTAIRM1 strategy to knockdown HOTAIRM1 expression in
SCC9 and Cal27 cell lines. The knockdown efficiency of sh-
HOTAIRM1 in SCC9 and Cal27 cells were validated by qRT-PCR

FIGURE 4 |WGCNA module analysis showing that HOTAIRM1 was mainly involved in the biological process of cell proliferation. (A) A total of 14 related modules
were identified throughWGCNA, represented by different colors, which were displayed in a hierarchical clustering tree diagram. (B) The heatmap showed the correlation
between HOTAIRM1 expression and the modular eigengenes. The brown module showed the most positive significant correlation with HOTAIRM1. (C) Scatter plot of
module eigengenes in the brownmodule. The genesmeeting the module criteria, p-value ≥ 0.3 and in the top 10% of the brownmodule, are identified as key driving
genes associated with high HOTAIRM1 expression. (D) Functional enrichment analysis by GO demonstrated that key driver genes related to HOTAIRM1 were enriched
in cell proliferation processe. (E) The KEGG signaling pathway analysis showing driver genes related to HOTAIRM1 expression enriched in the pathways regulating cell
proliferation. (F) The interrelationship between the driver genes illustrated in the PPI network.
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(Figure 6A), and the results demonstrated that the sh-
HOTAIRM1 significantly decreased the expression of
HOTAIRM1 in both cell lines compared with the control
groups (sh-NC). The follow-up CCK-8 assay indicated that sh-
HOTAIRM1 cells presented much slower growth potential than
control cells with sh-NC (Figure 6B). Correspondingly, colonies
produced by sh-HOTAIRM1 cells showed a weak
competitiveness in quantity and size compared with sh-NC
cells (Figure 6C). Cell cycle analysis was carried out using
flow cytometry to determine whether the inhibition caused by
HOTAIRM1 knockdown in OSCC cells was due to a block in the
cell cycle. The analysis results indicated a significant G1 phase
arrest in SCC9 and Cal27 cells with HOTAIRM1 knockdown
(Figure 6D). Furthermore, to provide evidence supporting the
role of HOTAIRM1 activity in OSCC at the molecular level,
western blotting was performed to evaluate typical regulatory
factors and markers associated with cell proliferation and the cell
cycle, including the cell proliferation marker PCNA; G1 phase
regulatory factor CyclinD1; and key molecules of the cell cycle
signaling pathway p53, p21, CDK4, and CDK6. Compared to
control groups, the expression of PCNA, Cyclin D1, CDK4, and
CDK6 was reduced in sh-HOTAIRM1 OSCC cells, while p53 and

p21 expression was markedly increased (Figure 6E). The above
results confirmed that the knockdown of HOTAIRM1 induced
the inhibition of OSCC cell proliferation, altered the cell-cycle
distribution, and arrested cells in G1 phase due to the inhibition
of the cell cycle signaling pathway.

Knockdown of HOTAIRM1 Inhibited Tumor
Growth in vivo
To investigate the effect of HOTAIRM1 on OSCC in vivo, tumor
growth of xenografts in nude mice was monitored. HOTAIRM1
knockdown significantly inhibited the growth of xenograft
tumors formed by OSCC cells (Figure 7A). As shown in
Figures 7B,C, both the tumor weight and volume of the sh-
HOTAIRM1 group were obviously smaller than those of the sh-
NC group. In addition, the USI and MRI findings provided
valuable information on tumor progression and provided
information on parameters that are not detected by visual
inspection. In sh-HOTAIRM1 groups, both slower growth and
slightly weaker internal echogenicity of tumors were observed
compared to the control groups, provided by B-mode
ultrasonography. Poor angiogenesis and micro-angiogenesis in

FIGURE 5 | The function of HOTAIRM1mainly involves cell proliferation in OSCC further indicated by GSEA and GSVA analyses. (A)GSEA identified the gene sets
significantly enriched in Hallmark. (B) GSEA identified the gene sets significantly enriched in GO. (C) GSEA identified the gene sets significantly enriched in KEGG. (D)
GSEA identified the gene sets significantly enriched in REACTOME. (E–H) The scores related to cell proliferation assessed in the GSVA in the high-HOTAIRM1
expression group was higher than in the low expression group, suggesting the involvement of HOTAIRM1 in regulating cell proliferation. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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sh-HOTAIRM1 groups were revealed by Color Doppler Flow
Imaging (CDFI) and Color Power Angiography (CPA),
respectively. Ultrasonic elastosonography (USE) revealed the
slightly weaker hardness of tumors than that in sh-NC groups
(Figure 7D). Observed by the MRI, the tumor size of the sh-
HOTAIRM1 group was obviously smaller than that of the sh-NC
group, which was consistent with the results of USI. Furthermore,
in both the sh-NC group and sh-HOTAIRM1 group, the tumors
presented low signal intensity in T1WI and high signal intensity
in T2WI/T2-FLAIR, that were concordant with the conventional
MRI performance of OSCC (Figure 7E). In summary, these
findings convincingly demonstrated that HOTAIRM1-
knockdown inhibited tumor growth in vivo.

DISCUSSION

As the most common malignant tumor involving the oral and
maxillofacial regions, OSCC exerts a severe negative impact on
patients due to its poor prognosis and high recurrence rate (Ferlay

et al., 2015; Economopoulou et al., 2017; Speight et al., 2017).
Currently, the standard measures for treating OSCC involve the
surgery to resect the tumor followed by adjunctive therapy such
as chemotherapy and radiation. Nonetheless these treatment
approaches are not effective in improving the clinical outcome
of OSCC patients (Zanoni et al., 2019). Because traditional
surgical treatment cannot effectively improve the prognosis of
OSCC patients, searching for reliable biomarkers is essential to
improve the diagnosis and treatment of OSCC in the early stages
of the disease (Li et al., 2020; Jia et al., 2021). Based on previous
studies, abnormally expressed lncRNAs have been recognized as
moderators of tumor evolution in different cancers, exerting
procarcinogenic function or anticancer function by regulating
the malignant biological behaviors of tumors directly or
indirectly, including processes such as proliferation, migration,
invasion, and glycolysis (Schmitt and Chang 2016; Ahadi 2020;
Song and Kim 2021). For example, FOXD2-AS1 is upregulated in
OSCC and has been reported to inhibit the progression of
gallbladder cancer by mediating methylation of MLH1 (Liang
et al., 2020). LINC01410 has been reported to be abnormally

FIGURE 6 | In vitro knockdown of HOTAIRM1 restrained cell proliferation and regulated the cell cycle in OSCC cells. (A) Knockdown efficiency by sh-HOTAIRM1 in
SCC9 and Cal27 cells were validated by qRT-PCR. (B) Knockdown of HOTAIRM1 expression in OSCC cells suppressed cell growth measured via the CCK-8 assay. (C)
Colony formation assays evaluated the influence of HOTAIRM1 knockdown on cell proliferation of OSCC cells. (D) Flow cytometry was used to evaluate the impact on
cell cycle distribution by knockdown of HOTAIRM1 expression in OSCC cells lines. (E) Western blotting showing changes in key biomolecules related to cell
proliferation and cell cycle regulation, including PCNA, CyclinD1, p53, p21, CDK4, and CDK6. *p < 0.05, **p < 0.01.
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expressed in cervical cancer and promotes the growth and
invasion of cancer cells by regulating the miR-2467/VOPP1
axis (Liu and Wen 2020).

In this study, our aim was to identify the clinically valuable
lncRNAs pivotal to the initiation and progression of OSCC and to
further elucidate their functions and clinical significance. Our
study was the first to determine that HOTAIRM1 was an
upregulated lncRNA in OSCC according to the differential
expression analysis, which was subsequently confirmed by its
high expression in OSCC cell lines, confirming the relevance
between HOTAIRM1 expression and OSCC. However, a review
of the literatures relative to HOTAIRM1 showed that
HOTAIRM1 was previously explored only in thyroid, ovarian
cancer, non-small cell lung cancer, leukemia, and clear cell renal
cell carcinoma (Zhang et al., 2014; Chao et al., 2020; Hamilton
et al., 2020; Chen D. et al., 2021; Li et al., 2021; Liang et al., 2021).
In leukemia, HOTAIRM1was considered to be unfavorable and it
could activate RHOA/ROCK1 pathway to enhance
glucocorticoid resistance by inhibiting ARHGAP18 (Liang
et al., 2021). In ovarian cancer, silencing HOTAIRM1
promoted cell proliferation and inhibited cell apoptosis by
regulating the Wnt pathway and its downstream target gene
MMP9 (Ye et al., 2021). Thus, it was worthy to further investigate
the functional effects of HOTAIRM1 given the lack of studies

evaluating HOTAIRM1 in OSCC. We analyzed the correlation
between upregulated HOTAIRM1 expression and clinical data of
OSCC patients, in which OS and tumor clinical stages were
associated with HOTAIRM1 expression, indicating an
unfavorable prognosis as well as the prognostic value of
HOTAIRM1 in OSCC.

Some scholars proposed that a succession of genomic
alterations in neoplastic cells are crucial triggering factors for
cancers (Wu and Li 2021), therefore, we further assessed the
correlation between HOTAIRM1 expression patterns and
tumorigenic characteristics. In our study, the top five mutant
genes most related to HOTAIRM1 are TP53, FAT1, MUC16,
DNAH5 and HRAS. TP53 gene mutation was found to be most
correlated with abnormal expression of HOTAIRM1. Increasing
evidence has shown that the mutational status and the functional
regulation of TP53 in cancers are related to the disordered
expression of lncRNAs directly or indirectly (Aubrey et al.,
2018). TP53, is considered the “guardian of the genome” and
triggers cell apoptosis by inhibiting multiple pathways, and
participates in the identification of DNA damage via DNA
repair processes, thereby playing an important role in
maintaining genomic stability (Chatterjee and Viswanathan
2021). In other words, disrupting the “guardian of the
genome” could force damaged cells into senescence or

FIGURE 7 | Knockdown of HOTAIRM1 inhibits tumor growth in vivo. (A) Tumors were excised from nude mice at day 28 after tumor graft inoculation (n � 5). (B–C)
Weight of tumors and Volume were measured and calculated. (D) USI evaluation of tumors in mice using B-mode, CDFI, CPA, and USE. (E) MRI evaluation of tumors
using T1WI, T2WI and T2- FLAIR. *p < 0.05, **p < 0.01.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 79858411

Yu et al. LncRNA HOTAIRM1 in OSCC

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


apoptosis, thereby accelerating the accumulation of somatic
mutations. Moreover, FAT1 mutation information has been
repeatedly detected in human cancers, especially in squamous
cell carcinoma (Mountzios et al., 2014); MUC16 was recognized
as the third most common mutant oncogene (Bafna et al., 2010);
HRAS was a member of the RAS family of oncogenes, and its
mutation has been confirmed to be closely related to the initiation
of OSCC (Chai et al., 2020). This was also consistent with our
analysis, in which in the high-HOTAIRM1 expression group, the
somatic mutation rate was significantly higher than that of the
low-HOTAIRM1 expression group. In addition, our study also
identified obvious genome amplification and deletion patterns
(CNVs) in the high-HOTAIRM1 expression group. Similarly, in
anaplastic thyroid cancer (ATC), the amplification of
HOTAIRM1 genome copy number increased the expression of
HOTAIRM1, and drove the occurrence of ATC by inhibiting the
biosynthesis of miR-144 (Zhang et al., 2021). Our study indicated
that, at the genetic level, HOTAIRM1 may play a stimulatory role
in driving OSCC occurrence.

With the progressive revelation of tumour heterogeneity, cancer
stem cells (CSCs) are generally considered to be the components of
cancer initiation, which are able to form tumors and influence the
progression and malignancy of cancers (Clarke 2019). In Chen’s
study of esophageal squamous cell carcinoma, up-regulated LINC-
POU3F3 promoted the upregulation of tumor cell stem cell markers
(CD133, CD44 and CD90), thereby enhancing the radiotherapy
resistance of tumor cells and increasing the degree of malignancies
of esophageal cancer (Chen et al., 2021b). mRNAsi is considered to
be an indicator to describe the stemness of tumor cells, which could
quantify the CSCs to a certain extent (Malta et al., 2018). In our
study, the high expression of HOTAIRM1 was associated with
higher mRNAsi, indicating that the higher the expression of
HOTAIRM1, the stronger the dryness of OSCC cells, suggesting
that HOTAIRM1 may promote the malignant potential of OSCC.
The TME is described as the environment of tumor cell production
and growth, which includes not only the tumor cells themselves but
also the surrounding fibroblasts, immune and inflammatory cells,
and other cells, as well as the adjacent intercellular signals,
microvessels, and relevant infiltrating biological molecules (Balaji
et al., 2021). In our study, the HOTAIRM1 expression was inversely
proportional to stromal cell and immune cell content, suggesting
that HOTAIRM1may promote the proliferation of OSCC cells and
improve tumor purity. Studies accumulating over the past few
decades have shown that, tumor-antagonizing areas are often
accompanied by chronic inflammation and on the other hand,
the infiltration of immune cells in tumor tissues serve to promote
tumor evolution (Denaro et al., 2019). To date the identified tumor-
promoting immune cells consist of macrophages, mast cells, and
neutrophils, as well as T lymphocytes and B lymphocytes, which are
confirmed to contribute to induce and help maintain tumor
angiogenesis, to promote tumor cell proliferation, and to
facilitate metastasis and dissemination via seeding of cancer cells
at the edge of the tumor (Anderson 2014). In our study, the
HOTAIRMI expression was negatively correlated with
macrophage M1 (anti-tumor phenotype) and mast cells, and
positively correlated with monocytes and eosinophils.
Eosinophils infiltrate multiple cancers and have the ability to

regulate tumor progression and promote tumor growth either
directly by interacting with cancer cells or indirectly by
regulating TME (Grisaru-Tal et al., 2020). In the tumor immune
microenvironment, monocytes mainly support tumor cells to
escape host immune response by infiltrating tumor and
differentiating into tumor-related macrophages, thus affecting
tumor progression (Chittezhath et al., 2014). In this research,
HOTAIRM1 expression levels were correlated with the types of
the immune cells, and we speculated that HOTAIRM1 might
influence the tumor immune microenvironment and thus
promote the progression of OSCC.

To further explore the biological function of HOTAIRM1 in
OSCC, WGCNA was used to identify genes most closely related to
HOTAIRM1 expression. We determined that nearly all the crucial
genes were involved in cell proliferation and the cell cycle, such as
G1/S checkpoint, DNA replication, DNA mismatch repair, and
DNA damage detection. Subsequently, the function of
HOTAIRM1 was verified using GSEA and GSVA. Moreover,
in vitro cell function experiments showed the inhibition of
proliferation and the arrest in G1 phase cell cycle following
HOTAIRM1 knockdown in OSCC cells. As a classical cell
proliferation marker at the molecular level (Lu et al., 2019),
PCNA protein expression was significantly decreased in the sh-
HOTAIRM1 knockdown cells, which also suggested that
HOTAIRM1 knockdown inhibited the proliferation of OSCC
cells. In addition, the detection of molecular markers related to
cell cycle pathway showed that p53 and p21 were significantly
increased, while the CyclinD1, CDK4 and CDK6 were decreased
in OSCC cells with HOTAIRM1 knockdown. The smooth
progression of the cell cycle is a guarantee of cell growth and is
mainly controlled by p53 via monitoring checkpoints progression at
G1/S andG2/Mphases, which is closely related to the transcriptional
activation of cell cycle-related proteins (Li et al., 2019). As a p53
downstream gene, p21 is a cyclin-dependent kinases (CDKs)
inhibitor, which participates in cell cycle processes, plays a key
role in tumors activity through the p53 signal pathway, and can bind
with a series of cyclin/CDKs complexes to inhibit the activity of
corresponding protein kinases, mainly in the G1 phase (Xiong et al.,
2021). CyclinD1, a G1/S-specific cyclin-D1, is a marker of G1 phase,
and mainly forms complexes with CDK4 or CDK6 to regulate the
cell cycle and is indispensable for G1 phase entry to the S phase (Yan
et al., 2021). In various cancers, like in lung cancer, gastric cancer,
thyroid cancer, and ovarian cancer (Liang et al., 2019; Qiu et al.,
2021b; Yan et al., 2021), p53 and p21 jointly constitute the G1
checkpoint of the cell cycle to ensure that the cancer cells at G1 phase
smoothly enter S phase. FKBP11 has been described as a regulator of
the cell cycle and apoptosis via p53/p21/p27 and p53/Bcl-2/Bax
signaling pathways in OSCC, thereby promoting the proliferation of
cancer cells (Qiu et al., 2021b). BCAR4 is upregulated in esophageal
squamous cell carcinoma acting on the G1 phase of cell cycle to
promote cell proliferation by regulating the miR-139–3p/ELAVL1
axis and the p53/p21 signaling pathway (Yan et al., 2021). In human
acute promyelocytic leukemia, HOTAIRM1 knockdown inhibits
NB4 granulocyte cells differentiation by maintaining cells in the
G1 phase and by regulating integrin gene expression levels (Zhang
et al., 2014). In brief, our results revealed that in OSCC, the
knockdown of HOTAIRM1 upregulated the expression of p53
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and p21, maintaining the cells at G1 phase, likely due to the
inhibition of the p53/p21-mediated cell cycle signaling pathway,
thereby inhibiting cell proliferation. Finally, in xenograft tumor
experiments in nude mice, tumor growth was effectively inhibited
when HOTAIRM1 was knockdown in OSCC xenografted cells, and
resulted in tumors with smaller weight and volume, weaker blood
flow signals, and reduced tumor stiffness, as detected using
ultrasound imaging and MRI. It is well known that ultrasound
imaging and MRI are authoritative tools used to evaluate tumors
activity in the clinic (Smiley et al., 2019; Lalfamkima et al., 2021).
Altogether, it can be concluded that HOTAIRM1 exhibits
tumorigenic properties and facilitates tumor growth in OSCC.

In conclusion, our study was the first to identify HOTAIRM1
as a significantly upregulated lncRNA in OSCC, which is closely
related to poor prognosis of patients and may represent a new
potential biomarker for OSCC. Moreover, HOTAIRM1 was
shown to be carcinogenic in OSCC, by promoting cell
proliferation and by accelerating cell cycle progression, via
regulatory factors in the p53/p21 pathway induced by
abnormal HOTAIRM1 expression. Overall, our study revealed
that HOTAIRM1 acts as a novel possible prognostic biomarker
and therapeutic target for OSCC.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Committee
on Animals of the First Affiliated Hospital of Harbin Medical
University.

AUTHOR CONTRIBUTIONS

YY performed the experiments, data analysis, and wrote the
manuscript. JN downloaded and assembled the data. XZ and
XW checked the results. HS and YL performed the statistical
analysis and manuscript revision. XJ and FC designed and guided
the research. All the authors have read and approved the
manuscript.

FUNDING

This research was funded by the Postgraduate Research &
Practice Innovation Program of Harbin Medical University
(Grant No. YJSSJCX 2019-13HYD).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798584/
full#supplementary-material

REFERENCES

Ahadi, A. (2021). Functional Roles of lncRNAs in the Pathogenesis and
Progression of Cancer. Genes Dis. 8 (4), 424–437. doi:10.1016/
j.gendis.2020.04.009

Anderson, C. C. (2014). Application of central Immunologic Concepts to Cancer:
Helping T Cells and B Cells Become Intolerant of Tumors. Eur. J. Immunol. 44
(7), 1921–1924. doi:10.1002/eji.201444826

Aubrey, B. J., Janic, A., Chen, Y., Chang, C., Lieschke, E. C., Diepstraten, S. T., et al.
(2018). Mutant TRP53 Exerts a Target Gene-Selective Dominant-Negative
Effect to Drive Tumor Development. Genes Dev. 32 (21-22), 1420–1429.
doi:10.1101/gad.314286.118

Bafna, S., Kaur, S., and Batra, S. K. (2010). Membrane-bound Mucins: the
Mechanistic Basis for Alterations in the Growth and Survival of Cancer
Cells. Oncogene 29 (20), 2893–2904. doi:10.1038/onc.2010.87

Balaji, S., Kim, U., Muthukkaruppan, V., and Vanniarajan, A. (2021). Emerging
Role of Tumor Microenvironment Derived Exosomes in Therapeutic
Resistance and Metastasis through Epithelial-To-Mesenchymal Transition.
Life Sci. 280, 119750. doi:10.1016/j.lfs.2021.119750

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
MortalityWorldwide for 36 Cancers in 185 Countries. CA: a Cancer J. clinicians
68 (6), 394–424. doi:10.3322/caac.21492

Chai, A. W. Y., Lim, K. P., and Cheong, S. C. (2020). Translational Genomics and
Recent Advances in Oral Squamous Cell Carcinoma. Semin. Cancer Biol. 61,
71–83. doi:10.1016/j.semcancer.2019.09.011

Chao, H., Zhang, M., Hou, H., Zhang, Z., and Li, N. (2020). HOTAIRM1
Suppresses Cell Proliferation and Invasion in Ovarian Cancer through
Facilitating ARHGAP24 Expression by Sponging miR-106a-5p. Life Sci. 243,
117296. doi:10.1016/j.lfs.2020.117296

Chatterjee, M., and Viswanathan, P. (2021). Long Noncoding RNAs in the
Regulation of P53-mediated Apoptosis in Human Cancers. Cell Biol Int 45
(7), 1364–1382. doi:10.1002/cbin.11597

Chen, D., Li, Y., Wang, Y., and Xu, J. (2021a). LncRNA HOTAIRM1 Knockdown
Inhibits Cell Glycolysis Metabolism and Tumor Progression by miR-498/
ABCE1 axis in Non-small Cell Lung Cancer. Genes Genom 43 (2), 183–194.
doi:10.1007/s13258-021-01052-9

Chen, T.-j., Gao, F., Yang, T., Li, H., Li, Y., Ren, H., et al. (2020). LncRNA
HOTAIRM1 Inhibits the Proliferation and Invasion of Lung Adenocarcinoma
Cells via the miR-498/WWOX Axis. Cmar Vol. 12, 4379–4390. doi:10.2147/
CMAR.S244573

Chen, Y., Tang, J., Li, L., and Lu, T. (2021b). Effect of Linc-Pou3f3 on Radiotherapy
Resistance and Cancer Stem Cell Markers of Esophageal Cancer Cells. Linc-
Pou3f3. Zhong Nan da Xue Xue Bao. Yi Xue Ban � J. Cent. South
UniversityMedical Sci. 46 (6), 583–590. doi:10.11817/j.issn.1672-
7347.2021.190758

Chittezhath, M., Dhillon, M. K., Lim, J. Y., Laoui, D., Shalova, I. N., Teo, Y. L., et al.
(2014). Molecular Profiling Reveals a Tumor-Promoting Phenotype of
Monocytes and Macrophages in Human Cancer Progression. Immunity 41
(5), 815–829. doi:10.1016/j.immuni.2014.09.014

Clarke, M. F. (2019). Clinical and Therapeutic Implications of Cancer Stem Cells.
N. Engl. J. Med. 380, 2237–2245. doi:10.1056/NEJMra1804280

Denaro, N., Merlano, M. C., and Lo Nigro, C. (2019). Long Noncoding RNA S as
Regulators of Cancer Immunity. Mol. Oncol. 13 (1), 61–73. doi:10.1002/1878-
0261.12413

Economopoulou, P., Kotsantis, I., Kyrodimos, E., Lianidou, E. S., and Psyrri, A.
(2017). Liquid Biopsy: An Emerging Prognostic and Predictive Tool in Head
and Neck Squamous Cell Carcinoma (HNSCC). Focus on Circulating Tumor
Cells (CTCs). Oral Oncol. 74, 83–89. doi:10.1016/j.oraloncology.2017.09.012

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., et al.
(2015). Cancer Incidence and Mortality Worldwide: Sources, Methods and

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 79858413

Yu et al. LncRNA HOTAIRM1 in OSCC

https://www.frontiersin.org/articles/10.3389/fbioe.2021.798584/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798584/full#supplementary-material
https://doi.org/10.1016/j.gendis.2020.04.009
https://doi.org/10.1016/j.gendis.2020.04.009
https://doi.org/10.1002/eji.201444826
https://doi.org/10.1101/gad.314286.118
https://doi.org/10.1038/onc.2010.87
https://doi.org/10.1016/j.lfs.2021.119750
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.semcancer.2019.09.011
https://doi.org/10.1016/j.lfs.2020.117296
https://doi.org/10.1002/cbin.11597
https://doi.org/10.1007/s13258-021-01052-9
https://doi.org/10.2147/CMAR.S244573
https://doi.org/10.2147/CMAR.S244573
https://doi.org/10.11817/j.issn.1672-7347.2021.190758
https://doi.org/10.11817/j.issn.1672-7347.2021.190758
https://doi.org/10.1016/j.immuni.2014.09.014
https://doi.org/10.1056/NEJMra1804280
https://doi.org/10.1002/1878-0261.12413
https://doi.org/10.1002/1878-0261.12413
https://doi.org/10.1016/j.oraloncology.2017.09.012
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Major Patterns in GLOBOCAN 2012. Int. J. Cancer 136 (5), E359–E386.
doi:10.1002/ijc.29210

Grisaru-Tal, S., Itan, M., Klion, A. D., and Munitz, A. (2020). A New Dawn for
Eosinophils in the Tumour Microenvironment. Nat. Rev. Cancer 20 (10),
594–607. doi:10.1038/s41568-020-0283-9

Hamilton, M. J., Young, M., Jang, K., Sauer, S., Neang, V. E., King, A. T., et al.
(2020). HOTAIRM1 lncRNA Is Downregulated in clear Cell Renal Cell
Carcinoma and Inhibits the Hypoxia Pathway. Cancer Lett. 472, 50–58.
doi:10.1016/j.canlet.2019.12.022

Jia, H., Wang, X., and Sun, Z. (2021). Screening and Validation of Plasma Long
Non-coding RNAs as B-iomarkers for the E-arly D-iagnosis and S-taging of
O-ral S-quamous C-ell C-arcinoma. Oncol. Lett. 21 (2), 172. doi:10.3892/
ol.2021.12433

Lalchhuanawma, T., Lalfamkima, F., Georgeno, G., Rao, N., Selvakumar, R.,
Devadoss, V., et al. (2021). Clinical Diagnostic Criteria versus Advanced
Imaging in Prediction of Cervical Lymph Node Metastasis in Oral
Squamous Cell Carcinomas: A Magnetic Resonance Imaging Based Study.
J. Carcinog 20, 3. doi:10.4103/jcar.JCar_27_20

Langfelder, P., and Horvath, S. (2008). WGCNA: an R Package for Weighted
Correlation Network Analysis. BMC Bioinformatics 9, 559. doi:10.1186/1471-
2105-9-559

Li, C., Chen, X., Liu, T., and Chen, G. (2021). lncRNA HOTAIRM1 Regulates Cell
Proliferation and the Metastasis of Thyroid Cancer by Targeting Wnt10b.
Oncol. Rep. 45 (3), 1083–1093. doi:10.3892/or.2020.7919

Li, V. D., Li, K. H., and Li, J. T. (2019). TP53 Mutations as Potential Prognostic
Markers for Specific Cancers: Analysis of Data from the Cancer Genome Atlas
and the International Agency for Research on Cancer TP53 Database. J. Cancer
Res. Clin. Oncol. 145 (3), 625–636. doi:10.1007/s00432-018-2817-z

Li, Y., Cao, X., and Li, H. (2020). Identification and Validation of Novel Long Non-
coding RNA Biomarkers for Early Diagnosis of Oral Squamous Cell Carcinoma.
Front. Bioeng. Biotechnol. 8, 256. doi:10.3389/fbioe.2020.00256

Liang, L., Gu, W., Li, M., Gao, R., Zhang, X., Guo, C., et al. (2021). The Long
Noncoding RNA HOTAIRM1 Controlled by AML1 Enhances Glucocorticoid
Resistance by Activating RHOA/ROCK1 Pathway through Suppressing
ARHGAP18. Cell Death Dis 12 (7), 702. doi:10.1038/s41419-021-03982-4

Liang, Q., Yao, Q., and Hu, G. (2019). CyclinD1 Is a New Target Gene of Tumor
Suppressor MiR-520e in Breast Cancer. Open Med. (Warsaw, Poland) 14,
913–919. doi:10.1515/med-2019-0108

Liang, X., Chen, Z., andWu, G. (2020). FOXD2-AS1 Predicts Dismal Prognosis for
Oral Squamous Cell Carcinoma and Regulates Cell Proliferation. Cel Transpl.
29, 096368972096441. doi:10.1177/0963689720964411

Lingen, M. W., Kalmar, J. R., Karrison, T., and Speight, P. M. (2008). Critical
Evaluation of Diagnostic Aids for the Detection of Oral Cancer. Oral Oncol. 44
(1), 10–22. doi:10.1016/j.oraloncology.2007.06.011

Liu, F., and Wen, C. (2020). LINC01410 Knockdown Suppresses Cervical Cancer
Growth and Invasion via Targeting miR-2467-3p/VOPP1 Axis. Cmar 12,
855–861. doi:10.2147/CMAR.S236832

Lu, E. M.-C., Ratnayake, J., and Rich, A. M. (2019). Assessment of Proliferating Cell
Nuclear Antigen (PCNA) Expression at the Invading Front of Oral Squamous
Cell Carcinoma. BMC oral health 19 (1), 233. doi:10.1186/s12903-019-0928-9

Malta, T. M., Sokolov, A., Gentles, A. J., Burzykowski, T., Poisson, L., Weinstein,
J. N., et al. (2018). Machine Learning Identifies Stemness Features Associated
with Oncogenic Dedifferentiation. Cell 173, 338–e15. doi:10.1016/
j.cell.2018.03.034

Markert, L., Holdmann, J., Klinger, C., Kaufmann, M., Schork, K., Turewicz, M.,
et al. (2021). Small RNAs as Biomarkers to Differentiate Benign and Malign
Prostate Diseases: An Alternative for Transrectal Punch Biopsy of the Prostate?.
PloS one 16 (3), e0247930. doi:10.1371/journal.pone.0247930

Mountzios, G., Rampias, T., and Psyrri, A. (2014). The Mutational Spectrum of
Squamous-Cell Carcinoma of the Head and Neck: Targetable Genetic Events
and Clinical Impact. Ann. Oncol. 25 (10), 1889–1900. doi:10.1093/annonc/
mdu143

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles.
Nat. Methods 12 (5), 453–457. doi:10.1038/nmeth.3337

Ozawa, T., Matsuyama, T., Toiyama, Y., Takahashi, N., Ishikawa, T., Uetake, H.,
et al. (2017). CCAT1 and CCAT2 Long Noncoding RNAs, Located within the

8q.24.21 ’gene Desert’, Serve as Important Prognostic Biomarkers in Colorectal
Cancer. Ann. Oncol. 28 (8), 1882–1888. doi:10.1093/annonc/mdx248

Qiu, H., Cao, S., and Xu, R. (2021a). Cancer Incidence, Mortality, and burden in
China: a Time-trend Analysis and Comparison with the United States and
United Kingdom Based on the Global Epidemiological Data Released in 2020.
Cancer Commun. 41, 1037–1048. doi:10.1002/cac2.12197

Qiu, L., Liu, H., Wang, S., Dai, X.-H., Shang, J.-W., Lian, X.-L., et al. (2021b).
FKBP11 Promotes Cell Proliferation and Tumorigenesis via P53-Related
Pathways in Oral Squamous Cell Carcinoma. Biochem. biophysical Res.
Commun. 559, 183–190. doi:10.1016/j.bbrc.2021.04.096

Rong, D., Sun, G., Wu, F., Cheng, Y., Sun, G., Jiang, W., et al. (2021). Epigenetics:
Roles and Therapeutic Implications of Non-coding RNA Modifications in
Human Cancers. Mol. Ther. - Nucleic Acids 25, 67–82. doi:10.1016/
j.omtn.2021.04.021

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA
Hypothesis: the Rosetta Stone of a Hidden RNA Language?. Cell 146 (3),
353–358. doi:10.1016/j.cell.2011.07.014

Schmitt, A. M., and Chang, H. Y. (2016). Long Noncoding RNAs in Cancer
Pathways. Cancer cell 29 (4), 452–463. doi:10.1016/j.ccell.2016.03.010

Smiley, N., Anzai, Y., Foster, S., and Dillon, J. (2019). Is Ultrasound a Useful
Adjunct in the Management of Oral Squamous Cell Carcinoma?. J. Oral
Maxillofac. Surg. 77 (1), 204–217. doi:10.1016/j.joms.2018.08.012

Song, H. K., and Kim, S. Y. (2021). The Role of Sex-specific Long Non-coding
RNAs in Cancer Prevention and Therapy. J. Cancer Prev. 26 (2), 98–109.
doi:10.15430/JCP.2021.26.2.98

Speight, P. M., Epstein, J., Kujan, O., Lingen, M. W., Nagao, T., Ranganathan, K.,
et al. (2017). Screening for Oral Cancer-A Perspective from the Global Oral
Cancer Forum.Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 123 (6), 680–687.
doi:10.1016/j.oooo.2016.08.021

Winkle, M., El-Daly, S. M., Fabbri, M., and Calin, G. A. (2021). Noncoding RNA
Therapeutics - Challenges and Potential Solutions. Nat. Rev. Drug Discov. 20
(8), 629–651. doi:10.1038/s41573-021-00219-z

Wu, S., and Li, X. (2021). A Genomic Instability-Derived Risk index Predicts
Clinical Outcome and Immunotherapy Response for clear Cell Renal Cell
Carcinoma. Bioengineered 12 (1), 1642–1662. doi:10.1080/
21655979.2021.1922330

Xie, P., Li, X., Chen, R., Liu, Y., Liu, D., Liu, W., et al. (2020). Upregulation of
HOTAIRM1 Increases Migration and Invasion by Glioblastoma Cells. Aging 13
(2), 2348–2364. doi:10.18632/aging.202263

Xiong, L., Deng, N., Zheng, B., Li, T., and Liu, R. H. (2021). Goji berry (Lycium
spp.) Extracts Exhibit Antiproliferative Activity via Modulating Cell Cycle
Arrest, Cell Apoptosis, and the P53 Signaling Pathway. Food Funct. 12 (14),
6513–6525. doi:10.1039/d1fo01105g

Xu, F., Shen, J., and Xu, S. (2021b). Integrated Bioinformatical Analysis Identifies
GIMAP4 as an Immune-Related Prognostic Biomarker Associated with
Remodeling in Cervical Cancer Tumor Microenvironment. Front. Cel Dev.
Biol. 9, 637400. doi:10.3389/fcell.2021.637400

Xu, M., Cui, R., Ye, L., Wang, Y., Wang, X., Zhang, Q., et al. (2021a).
LINC00941 Promotes Glycolysis in Pancreatic Cancer by Modulating
the Hippo Pathway. Mol. Ther. - Nucleic Acids 26, 280–294.
doi:10.1016/j.omtn.2021.07.004

Yan, S., Xu, J., Liu, B., Ma, L., Feng, H., Tan, H., et al. (2021). Long Non-coding
RNA BCAR4 Aggravated Proliferation and Migration in Esophageal Squamous
Cell Carcinoma by Negatively Regulating P53/p21 Signaling Pathway.
Bioengineered 12 (1), 682–696. doi:10.1080/21655979.2021.1887645

Ye, L., Meng, X., Xiang, R., Li, W., and Wang, J. (2021). Investigating Function of
Long Noncoding RNA of HOTAIRM1 in Progression of SKOV3 Ovarian
Cancer Cells. Drug Dev. Res. 82, 1162–1168. doi:10.1002/ddr.2182110.1002/
ddr.21821

Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H., Torres-
Garcia, W., et al. (2013). Inferring Tumour Purity and Stromal and Immune
Cell Admixture from Expression Data. Nat. Commun. 4, 2612. doi:10.1038/
ncomms3612

Zanoni, D. K., Montero, P. H., Migliacci, J. C., Shah, J. P., Wong, R. J., Ganly, I.,
et al. (2019). Survival Outcomes after Treatment of Cancer of the Oral
Cavity (1985-2015). Oral Oncol. 90, 115–121. doi:10.1016/
j.oraloncology.2019.02.001

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 79858414

Yu et al. LncRNA HOTAIRM1 in OSCC

https://doi.org/10.1002/ijc.29210
https://doi.org/10.1038/s41568-020-0283-9
https://doi.org/10.1016/j.canlet.2019.12.022
https://doi.org/10.3892/ol.2021.12433
https://doi.org/10.3892/ol.2021.12433
https://doi.org/10.4103/jcar.JCar_27_20
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3892/or.2020.7919
https://doi.org/10.1007/s00432-018-2817-z
https://doi.org/10.3389/fbioe.2020.00256
https://doi.org/10.1038/s41419-021-03982-4
https://doi.org/10.1515/med-2019-0108
https://doi.org/10.1177/0963689720964411
https://doi.org/10.1016/j.oraloncology.2007.06.011
https://doi.org/10.2147/CMAR.S236832
https://doi.org/10.1186/s12903-019-0928-9
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1371/journal.pone.0247930
https://doi.org/10.1093/annonc/mdu143
https://doi.org/10.1093/annonc/mdu143
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1093/annonc/mdx248
https://doi.org/10.1002/cac2.12197
https://doi.org/10.1016/j.bbrc.2021.04.096
https://doi.org/10.1016/j.omtn.2021.04.021
https://doi.org/10.1016/j.omtn.2021.04.021
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1016/j.ccell.2016.03.010
https://doi.org/10.1016/j.joms.2018.08.012
https://doi.org/10.15430/JCP.2021.26.2.98
https://doi.org/10.1016/j.oooo.2016.08.021
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1080/21655979.2021.1922330
https://doi.org/10.1080/21655979.2021.1922330
https://doi.org/10.18632/aging.202263
https://doi.org/10.1039/d1fo01105g
https://doi.org/10.3389/fcell.2021.637400
https://doi.org/10.1016/j.omtn.2021.07.004
https://doi.org/10.1080/21655979.2021.1887645
https://doi.org/10.1002/ddr.2182110.1002/ddr.21821
https://doi.org/10.1002/ddr.2182110.1002/ddr.21821
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1016/j.oraloncology.2019.02.001
https://doi.org/10.1016/j.oraloncology.2019.02.001
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Zhang, L., Zhang, J., Li, S., Zhang, Y., Liu, Y., Dong, J., et al. (2021).
Genomic Amplification of Long Noncoding RNA HOTAIRM1 Drives
Anaplastic Thyroid Cancer Progression via Repressing miR-144
Biogenesis. RNA Biol. 18 (4), 547–562. doi:10.1080/
15476286.2020.1819670

Zhang, X., Weissman, S. M., and Newburger, P. E. (2014). Long Intergenic Non-
coding RNA HOTAIRM1 Regulates Cell Cycle Progression during Myeloid
Maturation in NB4 Human Promyelocytic Leukemia Cells. RNA Biol. 11 (6),
777–787. doi:10.4161/rna.28828

Zhao, Y., and Ruan, X. (2020). Identification of PGRMC1 as a Candidate
Oncogene for Head and Neck Cancers and its Involvement in Metabolic
Activities. Front. Bioeng. Biotechnol. 7, 438. doi:10.3389/
fbioe.2019.00438

Zhu, M., Chen, Q., Liu, X., Sun, Q., Zhao, X., Deng, R., et al. (2014).
lncRNA H19/miR-675 axis Represses Prostate Cancer Metastasis by
Targeting TGFBI. Febs J. 281 (16), 3766–3775. doi:10.1111/
febs.12902

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yu, Niu, Zhang, Wang, Song, Liu, Jiao and Chen. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 79858415

Yu et al. LncRNA HOTAIRM1 in OSCC

https://doi.org/10.1080/15476286.2020.1819670
https://doi.org/10.1080/15476286.2020.1819670
https://doi.org/10.4161/rna.28828
https://doi.org/10.3389/fbioe.2019.00438
https://doi.org/10.3389/fbioe.2019.00438
https://doi.org/10.1111/febs.12902
https://doi.org/10.1111/febs.12902
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Identification and Validation of HOTAIRM1 as a Novel Biomarker for Oral Squamous Cell Carcinoma
	Introduction
	Materials and Methods
	Data Extraction
	Data Processing and Differential Expression Analysis
	Survival Analysis
	Genomic Variation Analysis
	Correlation Analyses Between Tumor Microenviroment and HOTAIRM1
	Weighted Gene Co-Expression Network Analysis
	Analysis of Biological Function Associated With HOTAIRM1 Up-Regulation
	Cell Culture
	Cell Transfection
	Quantitative Real-Time Polymerase Chain Reaction
	Cell Counting Kit-8 Assay
	Colony Formation Assay
	Western Blotting
	Cell Cycle Analysis
	Animal Experiments in vivo
	Ultrasonic Imaging
	Magnetic Resonance Imaging
	Statistical Analysis

	Results
	Upregulation of HOTAIRM1 Was Associated With Genomic Instability
	HOTAIRM1 Expression Was Related With the Tumor Cell Stemness and Tumor Microenvironment
	Biological Functions Related to HOTAIRM1 in ORAL Squamous Cell Carcinoma
	Gene Set Enrichment Analysis and Gene Set Variation Analysis Indicated HOTAIRM1 Promoted Cell Proliferation
	Knockdown of HOTAIRM1 Inhibited Proliferation and Arrested the Cell Cycle of ORAL Squamous Cell Carcinoma Cells
	Knockdown of HOTAIRM1 Inhibited Tumor Growth in vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


