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Dysregulated long non-coding RNAs in pleomorphic adenoma
tissues of pleomorphic adenoma gene 1 transgenic mice
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Abstract. Long non-coding RNAs (IncRNAs) have been proven
to serve vital roles in various human diseases. However, their
involvement in the development of pleomorphic adenoma (PA)
in the salivary gland has yet to be examined. In the present
study, microarray analysis of the IncRNA and mRNA expression
profiles in pleomorphic adenoma gene 1 (PLAGI) transgenic
mice was performed. Next, bioinformatics tools were used to
predict the differentially expressed genes associated with PA,
including Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment and IncRNA-mRNA
co-expression network analyses. Comparison of the transgenic
and control mice demonstrated that a total of 9,110 IncRNAs and
7,750 mRNAs were significantly differentially expressed (fold
change >2; P<0.05). Subsequently, six IncRNAs were randomly
selected for further analysis, and five of these were validated as
differentially expressed in PA by quantitative polymerase chain
reaction, supporting the methodology employed in the current
study. The GO and KEGG enrichment analysis of the differen-
tially expressed mRNAs revealed that these mRNAs were closely
associated with a number of processes involved in the develop-
ment of PA. Furthermore, the IncRNA-mRNA co-expression
network indicated that certain IncRNAs may serve vital roles
in the pathogenesis of PA by interacting with a number of core
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genes. Taken together, these results indicated that IncRNAs and
mRNAs were differentially expressed in PA tissues obtained
from PLAGI transgenic mice as compared with those from
control mice. These differentially expressed IncRNAs may act
as novel biomarkers and therapeutic targets for PA.

Introduction

Neoplasms of the salivary glands constitute 2-10% of all head
and neck tumors (1,2). Among these, pleomorphic adenoma
(PA), also known as ‘mixed tumor’, is one of the most common
types of benign neoplasm of the salivary gland (3). PA presents
as a slow-growing, painless and multi-nodular tumor that most
frequently occurs in the parotid gland and less often in the
submandibular gland, while it rarely occurs in the sublingual
gland. The standard treatment for PA is extra-capsular excision
of the tumor with or without partial excision of the affected
gland. However, partial PA may recur or transform into carci-
noma ex PA following surgery, which can lead to mortality in
these patients (4).

Pleomorphic adenoma gene 1 (PLAGI), located on
chromosome 8ql2, is best known for its involvement in the
development of various human tumors, such as lipoblastoma
and hepatoblastoma (5,6). Targeted disruption of PLAG1 may
cause fetal growth restriction, and reduce sperm output and
motility (7,8). In salivary gland tumors, PLAGI was initially
identified as an oncogene associated with PA (9-11). More
recently, it was demonstrated that this gene is also associated
with carcinoma ex PA (12,13). In our previous studies, PLAG1
transgenic mice were established, whose submandibular PA
resembles the salivary gland PA of humans (14-16).

Long non-coding RNAs (IncRNAs) are a class of
regulatory molecules that consist of >200 nucleotides and
are not translated into proteins. A variety of IncRNAs have
been identified in human and mouse diseases using large-scale
analyses of RNA sequence data (17,18). However, the correlation
between IncRNAs and salivary gland diseases has not yet been
widely studied. The IncRNA LINCO00473 is a downstream
target and an important mediator of the CRTCI-MAML2
fusion oncoprotein, which represents a promising biomarker
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and therapeutic target for human CRTC1-MAML2-positive
mucoepidermoid carcinoma (19). Numerous IncRNA
transcripts have been reported to be dysregulated in the labial
salivary glands of patients with primary Sjogren's syndrome,
which may serve important roles in the pathogenesis of this
disease (20). These previous studies have indicated the crucial
role of IncRNAs in salivary gland diseases. However, the
expression of IncRNAs in PA remains unclear.

To the best of our knowledge, the present study is the first
to use an IncRNA microarray to characterize the expression
profiles of IncRNAs and mRNAs in the PLAGI transgenic
murine model of PA. The results indicated that dysregulated
IncRNAs may serve a vital role in the pathogenesis of PA.

Materials and methods

Animals and sample collection. All animal experiments were
approved by the Ethics Committee of the Faculty of Medicine,
Shanghai Jiao Tong University (Shanghai, China). The PLAG1
transgenic mice were generated as described in our previous
studies (14,15). Briefly, mouse mammary tumor virus-PLAGI1
transgenic mice were maintained in C57BL/6 background.
A total of three male transgenic mice (age, 12 weeks; weight,
25-30 g) were used for subsequent experiments. In addition,
three male wild type mice (age, 12 weeks; weight, 25-30 g) were
used as control group. All animals ere purchased from The
Shanghai Slake Laboratory Animal Co., Ltd (Shanghai, China).
All mice were housed in cages under standard conditions
at 24°C under a 12-h light/dark cycle with a relative humidity of
55%. All mice had free access to food and water. Submandibular
tumors (average diameter, 1.5 cm) from 3-month-old transgenic
mice and normal submandibular glands from wild-type mice
were collected. Three pairs of mouse tumors and control glands
were divided into two groups, the tumor group, including mouse
tumor 1 (MT1), MT2 and MT3 and the control group (Conl,
Con2 and Con3). These samples were analyzed independently
for the expression of IncRNAs and mRNAs. Another six pairs
of mouse tumors and control glands were used for subsequent
polymerase chain reaction (PCR) detection.

RNA extraction. Total RNA was extracted from the mouse
tumors and control glands using TRIzol® reagent (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). RNA quantity and
quality were measured using a NanoDrop ND-1000 spectro-
photometer (Thermo Fisher Scientific, Inc.). RNA integrity was
assessed by standard denaturing agarose gel electrophoresis.

Microarray analysis. Arraystar Mouse LncRNA Microarray
V3.0 (Arraystar, Inc., Rockville, MD, USA) is designed for the
global profiling of mouse IncRNAs and protein-coding tran-
scripts. Following RNA labeling and array hybridization, the
microarray was scanned using the Agilent Microarray Scanner
(Agilent p/n G2565BA; Agilent Technologies, Inc., Santa
Clara, CA, USA). The Agilent Feature Extraction Software
was used to extract data and for subsequent data processing.
The IncRNA exhibiting a fold-change =2 and P<0.05 compared
with the control were considered as differentially expressed.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis. GO
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analysis was conducted to identify the functions of differentially
expressed genes, including biological processes, molecular
functions and cellular components. Furthermore, the pathways
associated with the differentially expressed mRNAs were
assessed using KEGG analysis. Significant GO terms and path-
ways were selected on the basis of P<0.05 and false discovery
rate of <0.05. The unsupervised hierarchical clustering of the
top 20 dysregulated IncRNAs and mRNAs was also performed.

Reverse transcription-quantitative PCR (RT-qPCR)
validation. Subsequent to extraction, total RNA was reverse
transcribed into cDNA using the PrimeScript RT Master
Mix (Takara Biotechnology Co., Ltd., Dalian, China),
according to the manufacturer's protocol. A total of four
upregulated and two downregulated IncRNAs were selected
for PCR validation on the basis of fold change (FC). The
gPCR experiment was performed using SYBR Premix Ex
Taq II (Takara Biotechnology Co., Ltd.) on the 7500 Sequence
Detection system (ABI; Thermo Fisher Scientific, Inc.).
The following thermocycling conditions were used: Initial
denaturation at 95°C for 10 min, followed by 40 cycles of 95°C
for 10 sec and 60°C for 60 sec. GAPDH (mouse) was used as
an endogenous control, and relative expression levels of each
IncRNA was calculated using the 224 method. The primer
sequences of investigated IncRNAs are listed in Table I.

Construction of the IncRNA and mRNA co-expression
network. The aforementioned validated IncRNAs were used
to construct a co-expression network to explore specific
mRNAs involved in PA tumorigenesis. The Pearson correla-
tion coefficient (PCC) was calculated for correlations between
the validated IncRNAs and all the differentially expressed
mRNAs. The IncRNAs and mRNAs with an absolute value of
Pearson correlation coefficients >0.995 were selected to draw
the gene network using the program Cytoscape (version 3.0.1;
https://cytoscape.org/).

Statistical analysis. Statistical analyses were performed using
SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). For
normally distributed data, the differences between two groups
were determined using a two-tailed Student's t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Overview of IncRNA and mRNA expression profiles. To
identify the differentially expressed IncRNAs associated with
PA tumorigenesis, the present study examined the expression
pattern of IncRNAs in three submandibular tumors from
PLAGI transgenic mice and three normal submandibular
samples from control wild-type mice. The expression
profiles of the IncRNAs and mRNAs are listed in Table II.
The present data demonstrated that 25.36% of the IncRNAs
(9,110/35,923) and 31.15% of the mRNAs (7,750/24,881) were
significantly differentially expressed in the tumor group as
compared with those in the control group (FC>2, P<0.05). The
unsupervised hierarchical clustering of the top 20 upregulated
and downregulated IncRNAs and mRNAs indicated that the
expression patterns of the three samples in each group were
similar, as indicated by the heat map (Fig. 1).
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Table I. Primer sequences.
Annealing Product

Primer name Sequence temperature ("C) length (bp)
GAPDH (mouse) F: 5'-CACTGAGCAAGAGAGGCCCTAT-3' 60 144

R: 5-GCAGCGAACTTTATTGATGGTATT-3'
ENSMUSTO00000140495 F: 5-TCGTGGTGTTTTATCAAGCAAG-3' 60 203

R: 5-ATAGGCTCCGCACTGTTGT-3'
ENSMUST00000125649 F: 5'-CGATGACAAGCTGAGGGACA-3' 60 118

R: 5-GCCTTCTTGCTGATCATATTTCTG-3'
AK006017 F: 5'-“TGACACCGGGGTCTGAGTAT-3' 60 210

R: 5-CCGTAGGTCTGAAATATTCTGC-3'
AK146794 F: 5-TGGATGGTAACAAAAACATGTG-3' 60 65

R: 5-TGAGAGAATGAGGCAAGAGAAG-3'
ENSMUSTO00000120145 F: 5'-~AGAAGCTAGTTCTATAGGAAGCAG-3' 60 137

R: 5-CATAGATGTGCTCCAGAAAAAG-3'
AK089826 F: 5'-GTGGTACAGTATCGCTAAAGGAC-3' 60 142

R: 5-GGGAAAACATAGTGATAGGAGC-3'

Table II. Summary of the results of IncRNA and mRNA profile analyses.

Probe class Total, n Differentially expressed, n (%) Upregulated, n (%) Downregulated, n (%)
IncRNAs 35,923 9,110 (25.36) 4,521 (12.59) 4,589 (12.77)
mRNAs 24 881 7,750 (31.15) 4201 (16.88) 3,549 (14.26)
Combined 60,804 16,860 (27.73) 8,722 (14.34) 8,138 (13.38)

IncRNA, long noncoding RNA.
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Figure 1. Heatmap of the differentially expressed (A) IncRNAs and (B) mRNAs. In the heatmap, red represents upregulated IncRNAs or mRNAs, while yellow
represents downregulated IncRNAs or mRNAs. IncRNA, long noncoding RNA; MT, mouse tumor; Con, control.

Differentially expressed IncRNAs in PLAGI transgenic mice
and wild-type mice. Volcano plot filtering was used to identify
the differences in the expression of IncRNAs between the
PLAG]I transgenic mice and control mice (Fig. 2A). The plot
demonstrated that a total of 9,110 IncRNAs (4,521 upregulated
and 4,589 downregulated) were significantly differentially

expressed. The chromosome distribution of the differentially
expressed IncRNAs was then determined. As illustrated
in Fig. 2B, chromosome 2 exhibited the highest number of
differentially expressed IncRNAs, while chromosome Y
exhibited the lowest number. On the basis of different tran-
scriptional forms, the differentially expressed IncRNAs were
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Figure 2. DE IncRNAs in PLAGI transgenic mice and wild-type mice. (A) Volcano plot for the DE IncRNAs, in which the x-axis represents the FC (log2) and
the y-axis represents the P-value (-log10). Red points (FC>2) indicate the upregulated IncRNAs and green points (FC<-2) indicate the downregulated IncRNAs.
(B) Chromosomal distribution of the DE IncRNAs. (C) Upregulated and (D) downregulated DE IncRNA classification based on their genomic architecture.
IncRNA, long noncoding RNA; DE, differentially expressed; FC, fold change.
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Figure 3. GO term enrichment analysis. GO term enrichment for (A) upregulated and (B) downregulated DE mRNAs. In the GO enrichment analysis, red
represents the biological process category, green represents the cellular component, and blue represents the molecular function. DE, differentially expressed;

GO, Gene Ontology.

classified into six different subgroups, including bidirectional,
exon sense-overlapping, intergenic, intron sense-overlapping,
intronic antisense and natural antisense IncRNAs. The
majority of the differentially expressed IncRNAs were clas-
sified as intergenic and exon sense-overlapping InRNAs, both
in the upregulated and downregulated groups (Fig. 2C and D).

GO and KEGG pathway analyses of differentially expressed
mRNAs. GO analysis was conducted to determine the enrich-
ment of the differentially expressed mRNAs in the biological

process, cellular component and molecular function catego-
ries. The upregulated mRNAs were significantly enriched
in a number of GO terms, with the two most prominent
molecular function terms being ‘binding’ and ‘protein binding’
(GO:0005488 and GO:0005515; Fig. 3A), the most significant
biological process term was ‘anatomical structure development’
(G0O:0048856; Fig. 3A) and the most enriched cellular compo-
nent was ‘non-membrane-bounded organelle’ (GO:0043228;
Fig. 3A). The downregulated mRNAs were also significantly
enriched in a number of GO terms, including ‘single-organism
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Figure 4. KEGG pathway analysis. The top 10 enriched KEGG pathways
are displayed for the (A) upregulated and (B) downregulated differentially
expressed mRNAs. KEGG, Kyoto Encyclopedia of Genes and Genomes.

process’ (GO:0044699) in biological processes and ‘cell part’
(GO:0044464) in cellular components (Fig. 3B). In addition,
KEGG pathway analysis of the upregulated mRNAs indi-
cated that the two most enriched pathways were ‘pathways in
cancer’ and ‘PI3K-Akt signaling pathway’ (Fig. 4A), while the
downregulated mRNAs were significantly involved in ‘valine,
leucine and isoleucine degradation’ (Fig. 4B).

RT-qPCR validation. To validate the microarray data,
RT-qPCR was conducted to detect the expression levels
of six most significantly dysregulated IncRNAs (four
upregulated and two downregulated) that were selected
from the differentially expressed IncRNAs. These
selected IncRNAs included ENSMUST00000140495,
ENSMUST00000125649, AKO006017, AK146794
ENSMUST00000120145 and AK089826. The PCR data
were consistent with the microarray analysis results, with a
concordance rate of 83.33% (5/6), supporting the reliability
of the microarray data (Fig. 5A). Furthermore, as illustrated
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Figure 5. RT-qPCR validation of the 6 selected IncRNAs. (A) Comparison
of microarray and RT-qPCR data for differentially expressed IncRNAs. The
heights of the columns in the chart represent the log-transformed median
fold changes (MT/Con) in expression. (B) Comparison of RT-qPCR data for
ENSMUST00000140495, ENSMUST00000125649, AK006017, AK146794
ENSMUSTO00000120145 and AK089826 in the pleomorphic adenoma
tissues obtained from transgenic mice (MT), and the normal gland tissues
from wild-type mice (Con). All reactions were performed at least in triplicate
(n=6). "P>0.05. "P<0.05 and “P<0.01. RT-qPCR, reverse transcription-quan-
titative polymerase chain reaction; IncRNA, long noncoding RNA; MT,
mouse tumor; Con, control; NS, not significant.

in Fig. 5B, RT-qPCR revealed that the expression levels
of ENSMUST00000140495, ENSMUST00000125649,
AKO006017 and AK146794 were significantly increased in
the tumor group compared with those in the control group,
while AK089826 expression was significantly decreased. By
contrast, there was no significant difference in the expres-
sion of ENSMUSTO00000120145 between the tumor and
control groups (P>0.05; Fig. 5B).

Establishment of the IncRNA and mRNA co-expression network.
Next, the study attempted to predict the target genes of IncRNAs
and to investigate the potential interactions between the IncRNAs
and mRNAs in PA in PLAGI transgenic mice. The asso-
ciations between the five validated IncRNAs and corresponding
mRNAs were thus assessed by calculating the PCC values.
The co-expression network was constructed and visualized
using Cytoscape software based on the PCC value (PCC>0.99).
The network illustrated a number of interactions between the
five IncRNAs and a total of 725 mRNAs. The network also
indicated that a single IncRNA may regulate the mRNA expres-
sion of multiple genes, and certain IncRNAs may co-regulate
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Figure 6. IncRNA and mRNA co-expression network. The red rectangular nodes represent the differentially expressed IncRNAs, the elliptical nodes represent
the co-expressed mRNAs, and the round nodes represent the mRNAs co-expressed simultaneously with two or more IncRNAs. The light green color represents
upregulated mRNAs and the light blue color represents downregulated mRNAs. IncRNA, long noncoding RNA.

the expression of the same gene. For instance, AK146794 was
able to regulate the expression of 264 mRNAs, while IGF2
was simultaneously regulated by ENSMUST00000140495 and
ENSMUST00000125649 (Fig. 6).

Discussion

PA is the most common type of salivary gland tumor with
a complex pathogenesis. PLAGI transgenic mice have been
utilized as a useful animal model to study PA. Although a
number of genes (including PLAG1, HMGA?2 and IGF2) have
been proven to be involved in the pathogenesis of PA (7,21,22),
it remains unclear how those genes are specifically regulated.
With the rapid development of genomic technology, numerous
non-coding RNAs (including microRNAs and IncRNAs)
have been identified, and their roles in regulating mRNAs are
currently researched.

In the present study, the IncRNA expression patterns in
submandibular PA tissues of PLAGI transgenic mice and
normal tissues of wild-type C57BL/6 mice were compared
using microarray analysis. The data demonstrated that a
total of 9,110 IncRNAs were differentially expressed in the
submandibular PA tissues obtained from PLAGI transgenic
mice when compared with their counterparts from the
wild-type mice, which may facilitate the understanding
of the PA-associated global transcriptome. In addition, it
was observed that the differentially expressed IncRNAs
and mRNAs in PA were distributed unequally among all
chromosomes, including the X chromosome. Notably, all
chromosomes were implicated in PA, providing additional
evidence that the pathogenesis of PA is relatively complex.

Among the differentially expressed IncRNAs, intergenic
IncRNAs comprised the largest category, with 1,850 upregu-
lated and 2,163 downregulated members. Intergenic IncRNAs
are conserved across multiple species and may function via
various mechanisms, including transcriptional regulation,
splicing regulation and post-transcriptional regulation (23).
Furthermore, the majority of the validated IncRNAs in the
present study belong to the category of intergenic IncRNAs,
including ENSMUST00000140495, AK006017, AK146794
ENSMUST00000120145 and AK089826, which is consistent
with the universality of intergenic IncRNAs.

To further understand the biological functions and
molecular mechanisms of PA-associated mRNAs, GO and
KEGG pathway analyses were also performed to identify the
biological functions and signaling networks enriched among
the differentially expressed mRNAs in the current study.
Notably, these mRNAs were involved in multiple pathways
associated with PA, including ‘PI3K-Akt signaling pathway’
and ‘p53 signaling pathway’. The PI3K-Akt signaling pathway,
akey oncogenic pathway, has been reported to be overactivated
in numerous tumors (24,25). The microarray results of the
present study indicated that the expression of a number of key
molecules of the PI3K-Akt pathway, including IRS1, PI3K,
Ras and Akt, was increased. With regard to the p53 signaling
pathway, it was observed that p21, Bax, Fas and CyclinD were
also activated. However, with respect to intrinsic complex
regulatory mechanisms, the specific role of these pathways in
PA tumorigenesis warrants further investigation.

Unlike microRNAs, there are no reliable softwares that
may be used to predict the target genes of IncRNAs and
their functions via their sequence information or secondary
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structure. Thus, the IncRNA-mRNA co-expression network
has been developed to predict the potential roles of IncRNAs.
In the present study, it was elucidated that the five validated
IncRNAs may contribute to the development and progression
of PA by altering the expression of target genes. Specifically,
the IncRNA ENSMUST00000125649 was observed to be
correlated with the IGF2, IGF2R and IGFBP5 mRNAs.
In previous studies, it has been demonstrated that PLAGI
overexpression may be responsible for the frequent upregulation
of IGF2 (5,21,22,26).

Notably, thousands of dysregulated IncRNAs were identified
in the current study, which is possibly due to the influence of
PLAGTI overexpression in the transgenic mice. Future studies,
particularly functional characterization of these IncRNAs, are
thusrequired. Previous studies have demonstrated thatIncRNAs
have a wide range of biological functions mediated via various
mechanisms, which include cis-targeting, trans-targeting and
allosteric modification, and function as enhancers, scaffolds,
and co-activators or co-repressors (23,27). A literature search
conducted in the current study provided no research results
on the aforementioned candidate IncRNAs, which suggests
that further research is needed. Additionally, how these
functional IncRNAs interact with the associated mRNAs in
PA is another issue that merits further study, such as gain- and
loss-of-function experiments in vitro, and tumor formation
assays in vivo.

In conclusion, the present results demonstrated that a set of
IncRNAs were differentially expressed in PA tissues obtained
from PLAGTI transgenic mice. These IncRNAs may offer novel
insights into the pathogenesis of PA and act as novel thera-
peutic targets for this tumor.
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