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Abstract. Down syndrome (DS), caused by the trisomy of 
chromosome 21, is one of the common chromosomal disorders, 
the main clinical manifestations of which are delayed nervous 
development and intellectual disability. Long non‑coding 
RNAs (lncRNAs) have critical roles in various biological 
processes, including cell growth, cell cycle regulation and 
differentiation. The roles of abnormally expressed lncRNAs 
have been previously reported; however, the biological 
functions and regulatory patterns of lncRNAs in DS have 
remained largely elusive. The aim of the present study was 
to perform a whole‑genome‑wide identification of lncRNAs 
and mRNAs associated with DS. In addition, global expres‑
sion profiling analysis of DS‑induced pluripotent stem cells 
was performed and differentially expressed (DE) lncRNAs 
and mRNAs were screened. Furthermore, the target genes 
and functions of the DE lncRNAs were predicted using Gene 
Ontology annotation and Kyoto Encyclopedia of Genes and 
Genomes signaling pathway enrichment analysis. The results 
revealed that the majority of the lncRNAs exerted functions 
in DS via cis‑acting target genes. In addition, the results of 
the enrichment analysis indicated that these target genes were 
mainly involved in nervous and muscle development in DS. In 
conclusion, this integrative analysis using lncRNA and mRNA 
profiling provided novel insight into the pathogenesis of DS 
and it may promote the diagnosis and development of novel 
therapeutics for this disease.

Introduction

Down syndrome (DS) or trisomy 21 is a chromosomal 
disorder that is caused by the total or partial trisomy of 
chromosome 21 (1), which is associated with delayed nervous 
development, intellectual disability and a characteristic facial 
appearance. All affected individuals also experience cognitive 
delays and weak muscle tone (hypotonia) and they usually 
present with immune system problems (2). Furthermore, indi‑
viduals with DS have been discovered to have an increased 
risk of developing Alzheimer's disease and leukemia (3).

Studies have demonstrated that neurological and immune 
abnormalities in DS commonly occur in the early develop‑
mental stage. At present, basic research on DS relies heavily 
on clinically obtained peripheral blood samples. However, 
these samples cannot meet the requirements of basic research, 
particularly when it comes to the study of early developmental 
mechanisms. Since 2006, induced pluripotent stem cells 
(iPSCs) have been considered an invaluable tool for disease 
modeling and regenerative therapies (4). iPSCs share most of 
the characteristics of human embryonic stem cells (ESCs); they 
are pluripotent and self‑renew indefinitely, and have the poten‑
tial to differentiate into any cell type in the body, including 
those pertinent to psychiatric disorders (5,6). Furthermore, 
iPSCs were indicated to have similar genetic and epigenetic 
features to those of ESCs (7,8). Therefore, iPSCs enable the 
investigation of the influence of the epigenetic status on the 
early developmental stage and provide a resource for stem 
cell‑based therapies.

Long non‑coding RNAs (lncRNAs) are non‑protein coding 
transcripts that are >200 nucleotides long and are members of 
the family of ncRNAs. Although lncRNAs are not translated 
into protein, lncRNAs have been reported to serve a highly 
important regulatory role in the pathogenesis of numerous 
types of diseases (9). For instance, lncRNAs, as crucial gene 
antisense transcripts, have been indicated to drive the patho‑
physiology associated with Alzheimer's disease and regulators 
of oncogenes during the development of leukemia (10‑12). 
Since patients with DS frequently develop Alzheimer's disease 
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and leukemia, lncRNAs may be potential regulators in DS. 
A previous study by our group reported that lncRNAs were 
abnormally expressed in DS (13), suggesting that lncRNAs 
may be crucial factors in DS; however, the mechanistic roles 
of lncRNAs remain to be fully elucidated.

As an initial framework for understanding the function 
of lncRNAs, lncRNAs are typically divided into two types: 
Cis‑acting and trans‑acting, based on the local or distant 
regulation of gene expression, respectively (14,15). It has 
been suggested that the ability of lncRNA to regulate the 
expression levels of nearby genes in cis may be attributable 
to the mature lncRNA transcript or the fact that they do not 
rely on lncRNAs themselves to have a regulatory role (16). In 
trans‑acting genes, lncRNAs have been indicated to interact 
with proteins and/or other RNA molecules to regulate the 
expression of target genes (16). Although an abnormal expres‑
sion of lncRNAs has been observed in DS, the regulatory 
pattern of lncRNAs remains to be elucidated. To understand 
the potential function and regulatory pattern of lncRNAs in 
DS, the aim of the present study was to investigate the puta‑
tive cis‑ or trans‑acting targets of lncRNAs in DS and normal 
iPSCs. RNA sequencing (RNA‑seq) was performed to analyze 
the genome‑wide transcriptomic changes in DS. Subsequently, 
the regulatory mechanisms of differentially expressed (DE) 
lncRNAs were predicted and analyzed.

Materials and methods

Sample preparation, RNA isolation and library preparation. 
Normal iPSCs and DS‑iPSCs were generated from dermal 
fibroblast cells, which were purchased from the American 
Type Culture Collection (ACS‑1011: Normal, newborn, 
male; ACS‑1033: DS, newborn, male). For all experiments, 
three biological replicates were performed and ≥2 technical 
replicates were used within each biological replicate. Total 
RNA was extracted from the iPSCs using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). The RNA 
concentration and purity were measured with a NanoDrop 
ND‑1000 spectrophotometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc.). An Abiotin‑labeled specific 
probe [Ribo‑Zero™ ribosomal (r)RNA Removal kit] was 
used to remove the rRNA from the extracted total RNA. 
Subsequently, the complementary (c)DNA strand was synthe‑
sized using random primers and reverse transcriptase using 
the TruSeq Stranded kit (cat. no. PC‑121‑2001; Illumina, Inc.). 
The second‑strand cDNA was subsequently synthesized and 
double‑stranded cDNA was generated. The double‑stranded 
cDNA underwent end‑repair/dA‑tail and adaptor ligation (17). 
The products were purified using magnetic beads to create the 
final cDNA library. High‑throughput sequencing of the cDNA 
library was performed using Illumina HiSeq 2000 platform 
(Illumina, Inc.).

Sequencing and quality analysis. The clean reads were mapped 
to the reference genome sequence using HISAT tools (18) and 
the transcripts were assembled with StringTie (19). Following 
transcript reconstitution, Cuffcompare (20) was used to 
compare these transcripts with known mRNA and lncRNA to 
obtain information on their positional relationship. To distin‑
guish the mRNAs and lncRNAs, three pieces of software 

[CPC (http://cpc.cbi.pku.edu.cn), txCdsPredic (http://hgdown‑
load.soe.ucsc.edu/admin/exe/) and CNCI (http://www.bioinfo.
org/software/cnci)] (20,21) were used to predict the coding 
ability of the transcripts and all transcripts met the following 
requirements: i) Fragments per kilo‑base of exon per million 
fragments mapped (FPKM) ≥0.5; ii) coverage >1; iii) length 
>200. In addition, the estimation accuracy for genes with low 
expression was improved by Cuffmerge (22) and the combined 
transcripts were used as final results for subsequent analysis. 
Following the analysis of all transcripts annotated as mRNA 
or lncRNA, Bowtie2 was used to compare clean reads to the 
reference sequence (23), and the FPKM were then calculated 
as the expression levels of genes and transcripts using RSEM 
software (v1.3.1; http://deweylab.biostat.wisc.edu/rsem) (24). 
The results obtained were used for the subsequent analysis.

Identification of DE lncRNAs and mRNAs. The differ‑
ential expression levels of lncRNAs and mRNAs were 
calculated based on the normalized FPKM using the DEGseq 
package (25). q<0.001 and |log2 fold change (FC)| >1 were set 
as the threshold values for significant differential expression.

lncRNA target gene prediction and enrichment analysis. To 
determine the correlation between lncRNAs and mRNAs, 
Spearman's rank correlation coefficient and Pearson's corre‑
lation coefficient were calculated and the strength and the 
direction of the correlations were thereby obtained, with 
Spearman_correlations and Pearson_correlations ≥0.6 
considered to indicate a significant correlation. The sliding 
window strategy was used to search cis‑acting target genes 
10 kb upstream and 20 kb downstream of mRNAs (26). Above 
this range, RNAplex (http://www.tbi.univie.ac.at/~htafer/) was 
used to analyze the binding energy of lncRNA to mRNA (27). 
A binding energy of E‑value ≤30 was considered to be 
trans‑acting. To predict the cis‑acting results, the different 
lncRNA‑mRNA modules were counted, including lncRNAs 
located within 10 kb upstream or 20 kb downstream of mRNA, 
and the overlap between lncRNA and mRNA was determined. 
The overlap may be divided into different subclasses, including 
lnc‑Overlap‑mRNA and lnc‑AntiOverlap‑mRNA (28,29). The 
classification criteria are presented in Table SI. These cis target 
genes were subjected to Gene Ontology (GO; http://geneon‑
tology.org) functional term and Kyoto Encyclopedia of 
Genes and Genomes (KEGG; https://www.genome.jp/kegg/) 
signaling pathway enrichment analysis.

Validation of DE lncRNAs and mRNAs. In order to verify 
the functions related to lncRNAs in DS‑iPSCs and normal 
iPSCs, lncRNAs and mRNAs were selected based on the 
results of lncRNA target gene prediction and enrichment 
analysis. Subsequently, several lncRNA‑mRNA pairs were 
screened using RT‑qPCR to demonstrate the reliability of 
the analysis. RNA extraction was performed following using 
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA 
was synthesized using random primers and the PrimeScript 
RT Reagent kit (cat. no. RR047A; Takara Bio, Inc.). RT‑qPCR 
was performed with the One‑Step TB Green PrimeScript 
RT‑PCR Kit (cat. no. RR066A; Takara Bio, Inc.) following 
the manufacturer's instruction. RT‑qPCR parameters were as 
follows: 95˚C for 2 min, 40 cycles of 95˚C for 5 sec and 60˚C 
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for 34 min. Primers for the RT‑qPCR were designed using 
Primer Bank (https://pga.mgh.harvard.edu/primerbank/) or 
Primer 5.0 software. The GAPDH gene was used to stan‑
dardize the expression levels. The sequences of PCR were as 
follows: GAPDH forward, 5'‑CGG AGT CAA CGG ATT TGG 
TCG TAT‑3' and reverse, 5'‑AGC CTT CTC CAT GGT GGT 
GAA GAC‑3'; NONHSAT009060.2 forward, 5'‑CCT GGC 
TTC TGG TCA AAC‑3' and reverse, 5'‑AAG GCA ACT CAG 
TCA CTA ACA C‑3'; NONHSAT022318.2 forward, 5'‑TCA 
GTT CAA GGC AAC ACT GC‑3' and reverse 5'‑AGG TGG 
CAC TGA CCA TAT CC‑3'; ACTN3 forward, 5'‑GTA CCG 
CAA CGT CAA CGT G‑3' and reverse, 5'‑CGT AGT CGA TGA 
GGT CAG GG‑3'; and SRGAP2C‑F forward, 5'‑ATT GGG 
CAG CTG AGC ATA CA‑3', and reverse, 5'‑TTG GGT CCA 
GTA ACG TAT TCC A‑3'. Each type of iPSCs included three 
samples and all reactions were performed three times for 
each sample. The results of the RT‑qPCR for verification 
were analyzed using the 2‑ΔΔCq method (30). Student's t‑test 
was performed on RT‑qPCR data and P<0.05 was considered 
significant.

Cytoplasmic and nuclear fractionation. The Minute (TM) 
Cytoplasmic and Nuclear Fractionation kits (Invent; cat. 
no. SC‑003) were used for the separation of nuclear and 
plasma iPSCs. Concurrently, GAPDH was used as the 
internal reference gene for the nucleus and X‑inactive specific 
transcript (XIST) was used as the internal reference for the 
cytoplasm (31). The expression location and relative expres‑
sion levels of the lncRNAs were determined by RT‑qPCR. 
RT‑qPCR was performed as aforementioned.

Statistical analysis. A total of 48 samples were designed for 
the experiment (4 genes x2 samples x2 subcellular locations 
x3 technical repetitions). The RT‑qPCR results for each gene 
were subjected to one‑way ANOVA and for significance, 
Tukey's honestly significant differences test was performed 
using SPSS (version 16.0; SPSS, Inc.). For all tests, a P<0.05 
was set for statistical significance.

Results

Identification of DE genes in iPSCs by RNA‑Seq. To identify 
lncRNAs and mRNAs expressed in DS, six cDNA libraries 
were constructed using DS‑iPCs and normal iPSCs. A total 
of 763,789,996 raw reads were obtained. Following the 
removal of reads containing N ratios >10%, low‑quality 
reads and adapter fragments, 699,869,860 clean reads were 
obtained. Following comparison of the data with the refer‑
ence genome, 85,191 lncRNA transcripts and 40,726 mRNAs 
were identified using bioinformatics analysis. Compared to 
mRNAs, more lncRNAs were observed to be significantly 
DE (P<0.05; Fig. 1A), which suggested the functional impor‑
tance of lncRNAs in DS. RNA‑Seq analysis of lncRNA 
transcription (4,285 upregulated and 5,239 downregulated; 
Fig. 1B and C) and mRNA transcription (4,017 upregulated 
and 4,432 downregulated) demonstrated that differential 
gene expression was present in DS‑iPSCs. All DE lncRNAs 
were well annotated with known chromosomal locations; DE 
lncRNAs were distributed across chromosomes without any 
locational preference (Fig. 1D).

Target gene prediction of DE lncRNAs. lncRNA expression 
levels have a significant impact on neighboring (cis) or distal 
(trans) protein‑coding genes. LncRNA‑mRNA interactions 
are useful to clarify the biological functions of DE lncRNAs. 
To determine the lncRNAs and their potential functions 
in DS, the potential interactions between the lncRNA and 
mRNA transcripts were investigated. The cis‑/trans‑acting 
target analysis was performed using the association of the 
expression profiles of DE‑lncRNAs and DE‑mRNAs. The 
mRNAs adjacent to the lncRNAs were screened as cis‑acting 
target genes. Trans‑acting was determined by calculating the 
binding energy. First, target genes were predicted in the whole 
genome and 30,118 lncRNA‑mRNA pairs were obtained. The 
lncRNA‑mRNA pairs were screened using the DE mRNAs 
and lncRNAs. In total, 1,305 lncRNA‑mRNA pairs involved 
in cis and trans regulation were identified. Altogether, 1,143 
cis‑acting lncRNA‑mRNA interactions involving 883 DE 
mRNAs and 162 trans‑acting lncRNA‑mRNA interactions 
involving 118 DE mRNAs were identified (Fig. 2A). Overall, 
the influence of cis‑acting of lncRNAs was discovered to be 
more important than trans‑acting, indicating that cis‑acting 
lncRNAs may have a more significant role in DS (P<0.01).

In cis‑acting, most interactions were overlapping, 
with 546 lncRNA‑mRNA pairs identified; the remaining 
lncRNA‑mRNA pairs were mapped 10 kb upstream (268 pairs) 
and in 20 kb downstream, with 329 lncRNA‑mRNA pairs 
(Fig. 2B). It was revealed that >60% of the overlapping interac‑
tion were accounted for by the lncRNA‑anti‑overlap‑mRNA 
(35.90%), lncRNA‑overlap‑mRNA (29.12%) and lncRNA‑ 
completein‑mRNA intron (17.03%; Fig. 2C), which may be an 
important part of cis‑acting in DS. The results indicated that 
cis‑acting may not necessarily rely on a promoter or enhancer 
but also on the gene body.

Functional analysis of the DE lncRNAs in DS. To gain further 
insight into the function of identified lncRNAs, GO functional 
term enrichment and KEGG signaling pathway enrichment 
analysis were used to understand the biological functions 
and signaling pathways of the target genes of each lncRNA 
module. The biological pathways of the targets and their 
upstream/downstream relationship may help determine the 
potential molecular mechanisms of lncRNAs and contribute 
to the design experiments to further verify the pathogenesis of 
lncRNA in DS (32). To further investigate the potential func‑
tion of DE lncRNAs, GO functional term enrichment analysis 
and KEGG signaling pathway enrichment analysis were also 
performed. A total of 397 DE cis‑acting target genes were 
obtained following the conversion of the transcript ID into 
the gene ID and the removal of duplicates. To further reveal 
the biological pathway information of the potential targets 
of these DE lncRNAs in DS, those DE protein‑coding genes 
were subjected to GO functional term enrichment analysis. 
Representative GO terms significantly enriched by DE 
mRNAs were identified based on a P‑value (P≤0.01, manually 
removing redundant functional terms). Functional analysis 
demonstrated that cis target genes of lncRNAs were enriched 
in 183 GO terms, which were involved in nervous and muscle 
system development (Fig. 3A). The corresponding potential 
target genes were subjected to KEGG signaling pathway 
enrichment analysis. The results revealed that these DE target 
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genes were able to be mapped to 23 signaling pathways; 
among these signaling pathways, 15 significantly enriched 
KEGG signaling pathways were determined (P<0.05; Fig. 3B), 
including the ‘Neurotrophin signaling pathway’ and ‘MAPK 
signaling pathway’. These results suggested that DE lncRNAs 
may act through their target genes to regulate the nervous, 
muscle and immune systems during the early development of 
DS. Therefore, these results indicated that lncRNAs may func‑
tion in cis mode on neighboring DS genes to influence nervous 
and muscle development. To further validate the present 
results, two lncRNA‑mRNA pairs were selected for RT‑qPCR 
verification. Detailed lncRNA‑mRNA information was 
provided in Table SII. lncRNAs with a significant differential 
expression [logFC ≥|2|; false discovery rates (q) ≤0.001, (False 
discovery rates were calculated using the q‑value conversion 
algorithm)] and their target genes that were enriched in neural 
and muscle biological pathways were selected for verification. 
The DS phenotype may be used to associate enrichment results 
with specific genes. Therefore, two mRNAs were selected: 
SLIT‑ROBO Rho GTPase activating protein 2C (SRGAP2C) 
and actin‑α3 (ACTN3), which were enriched in the biological 

process term of nerve and muscle development. Significant 
differences were discovered in both the expression levels of 
the mRNAs and corresponding lncRNAs (logFC ≥|2|, P≤0.01; 
Fig. 3C).

Nuclear and cytoplasmic location of the target lncRNAs. The 
subcellular localization of an lncRNA is closely associated with 
its biological mechanism; thus, a correlation analysis between 
the localization and expression levels of lncRNAs in iPSCs 
was performed. In addition, nuclear fractionation analysis was 
performed and the expression levels of NONHSAT009060.2 
and NONHSAT022318.2 in the nucleus and cytoplasm were 
analyzed. Nuclear segregation was assayed using XIST, while 
the cytoplasmic segregation was analyzed using GAPDH 
as the housekeeping gene. The results clearly suggested that 
NONHSAT009060.2 and NONHSAT022318.2 were expressed 
in both the cytoplasm and nucleus, with NONHSAT009060.2 
exhibiting a moderate preference for the nucleus (Fig. S1A and B). 
Since lncRNAs located in the nucleus play a major role in tran‑
scriptional regulation and lncRNAs located in the cytoplasm 
mainly play a role in post‑transcriptional regulation (Fig. S1), 

Figure 1. Transcriptional patterns of lncRNAs in DS‑iPSCs. (A) Density plot demonstrating the FC values for the expression levels of lncRNA and 
protein‑coding genes. Pink and blue represent the FC of lncRNAs and mRNAs, respectively. The differential expression of lncRNAs was more significant than 
that of mRNAs. (B) Volcano plot displaying the 4,285 upregulated and 5,239 downregulated lncRNAs. The horizontal line represents P<0.001 in log10 scale 
and the vertical lines represent the upregulation and downregulation by two‑FC. The red and blue dots represent the upregulated and downregulated lncRNAs, 
respectively, and non‑significantly DE genes are represented by black circles. (C) Heatmap indicating the DE lncRNAs in the DS and control samples. Each 
column represents one sample and each row one lncRNA. The relative expression levels of lncRNAs are depicted according to the color scale. Red indicates 
upregulation and green downregulation, whereas the three left columns represent the control samples and the three right columns the DS samples. The DE 
lncRNAs are clearly self‑segregated into clusters, N1, N2 and N3 represent the three biological replications as normal control, and D1, D2 and D3 are represent 
the three biological replications from the DS patient. (D) Proportion of DE lncRNAs in each chromosome. The ordinate indicates the percentage of DE 
lncRNAs in each chromosome. lncRNA, long non‑coding RNA; DS, Down syndrome; iPSCs, induced pluripotent stem cells; DE, differentially expressed; 
FDR, false discovery rate; FC, fold change.
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this indicated that the expression assessment and identification 
of the lncRNAs was valid. Since the subcellular localization of 

a lncRNA is not dependent on the cell type (33), the model is 
applicable to all human cells.

Figure 2. Statistical analysis of cis‑ and trans‑acting RNAs. (A) Categorization of cis‑ and trans‑regulatory divergence. The numbers of trans‑ and cis‑acting 
lncRNA‑mRNA pairs are provided, including 1,143 cis‑acting and 162 trans‑acting lncRNA‑mRNA pairs. (B) Ratio of overlap 10 kb upstream and 20 kb down‑
stream in cis‑regulation. Each sector of the diagram indicates one of three categories that may be classified based on location divergence: Cis_mRNA_overlap 
(blue), cis_mRNA_up10k (red) and cis_mRNA_dw20k (gray). (C) The proportion of different classifications in overlapping lncRNAs with intronic/exon 
overlap was defined in more detail. lncRNA, long non‑coding RNA.

Figure 3. Target genes were screened by enrichment and quantitative analysis. (A) Analysis of the top 20 overrepresented GO terms of lncRNAs, including 
GO:0061061, muscle structure development; GO:0042692, muscle cell differentiation; GO:0051961, negative regulation of nervous system development; 
and GO:0045664, regulation of neuron differentiation. (B) KEGG signaling pathway enrichment analysis of the corresponding cis potential target genes of 
lncRNAs in DS. The enrichment factor was calculated by the number of enriched genes and the P‑value. (C) Validation of the two pairs of lncRNA‑mRNA 
using RT‑qPCR. Relative expression levels of selected mRNAs SRGAP2C and ACTN3 and lncRNAs NONHSAT009060.2 and NONHSAT022318.2 in DS 
(n=3), as compared with the controls (n=3). The results of the reverse RT‑qPCR analysis were consistent with the RNA‑sequencing data. Bar graphs represent 
the mean ± standard deviation. All reactions were repeated three times for each mRNA or lncRNA. GAPDH was used as the internal control. **P<0.01 vs. 
normal controls. BP, biological process; GO, Gene Ontology; lncRNA, long non‑coding RNA; KEGG, Kyoto Encyclopedia of Genes and Genomes; DS, Down 
syndrome; N, normal control; ACTN3, actin‑α3; SRGAP2C, SLIT‑ROBO Rho GTPase activating protein 2C.
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Discussion

DS is a complex syndrome mediated by numerous genes (34). 
Epigenetic modifications, such as DNA methylation and 
lncRNAs, are necessary mechanisms to regulate gene expres‑
sion levels. A diverse range of mechanisms have been reported 
for the lncRNA‑mediated epigenetic modulation of gene 
expression. Previous studies have indicated that lncRNA may 
mainly serve through cis‑ and trans‑regulatory functions to 
regulate the expression levels of target genes (35,36), which is 
the major regulatory pattern of lncRNA in higher organisms.

A previous study by our group indicated that lncRNA 
expression profiles were significantly dysregulated in 
DS‑iPSCs (13). The present study also showed that the differ‑
ential expression levels of lncRNAs were more significant 
than that of mRNAs, indicating that lncRNAs play an impor‑
tant role in the regulation process; however, the exact manner 
in which lncRNAs are involved in the pathogenesis of DS has 
remained elusive. To further investigate the roles of epigenetic 
alterations on biological processes and signaling pathways in 
DS, a comprehensive analysis of lncRNA expression levels and 
potential regulatory patterns in normal iPSCs and DS‑iPSCs 
was performed. The results revealed that the cis‑acting role 
of lncRNAs had an important impact in DS. The cis‑acting 
pattern was classified according to the positional relationship 
between lncRNAs and mRNAs. The present classification 
results demonstrated that ~1/2 of the lncRNAs‑mRNAs 
involved in cis‑acting belonged to lncRNAs with overlapping 
mRNAs and the lncRNAs and mRNAs exhibited the highest 
antisense overlap. Previous studies have also demonstrated 
that lncRNAs regulated the coding gene expression levels 
through the genomic position effect (37). Antisense lncRNAs 
transcribed against and overlapping with the protein‑coding 
genes have been indicated to regulate their protein‑coding 
counterparts through multiple mechanisms (38). Several 
antisense lncRNAs have been suggested to regulate the shear 
and degradation of mRNA through complementary pairing 
with mRNA following transcription, affecting the expression 
levels of mRNA (39,40). The present results also validated 
the results of a previous study indicating that antisense 
transcription may be far more extensive than previously 
anticipated (41). It should be noted that cis‑acting antisense 
intronic RNAs have a regulatory function (42), which may 
stabilize protein‑coding transcripts or regulate their alterna‑
tive splicing. The most abundant wholly intronic antisense 
RNAs are transcribed from introns of genes related to the 
regulation of transcription (43). Cis‑acting antisense intronic 
lncRNAs were also observed in the present data, which 
provided a clue to their functional relevance. This observation 
offers a novel avenue for future studies.

To precisely clarify the function of DE target genes, GO 
term enrichment and KEGG signaling pathway enrichment 
analysis was performed to investigate the potential biological 
signaling pathways and functions involved. The results of 
the present study revealed that the cis‑acting targets of DE 
lncRNAs were mainly enriched in the biological process term 
‘nervous and muscle growth and development’, which may 
be associated with the mental impairment and low muscle 
tone of patients with DS. The functions of lncRNAs have 
remained to be fully elucidated and the present study provided 

comprehensive novel insight into the regulatory patterns of 
mRNAs and lncRNAs in DS by analyzing expression profiles.

The present study also provided a novel perspective for 
pathological processes in DS, namely that cis‑acting lncRNAs 
have a significant role in controlling/regulating the expression 
levels of the target genes and thus modulating the clinical 
phenotype of DS. For instance, SRGAP2C was discovered to 
act antagonistically on these proteins during the development 
of cortical neurons, regulating the development of excitatory 
and inhibitory synapses of the cortical pyramidal neurons 
in vivo, protracting the maturation and increasing the density 
of excitatory and inhibitory synapses and indirectly increasing 
neuronal migration. SRGAP2C has also been implicated 
in cognition, learning and memory (44). Nerve disorders in 
patients with DS are currently among the most critical research 
hotspots. The results of the present study suggested that the 
abnormal expression levels of neurodevelopment‑related genes 
caused by dysregulated lncRNA expression may be an impor‑
tant cause of nervous system damage occurring during the 
early developmental stage. ACTN3 is primarily expressed in 
skeletal muscle and functions as a structural component of the 
sarcomeric Z line, which has been indicated to be associated 
with vertical craniofacial skeletal patterns (45). In addition, 
previous studies have reported that the lack of ACTN3 led to 
decreased muscle strength (46). It is well‑known that cranio‑
facial dysplasia frequently occurs in patients with DS (47) and 
that the downregulation of ACTN3 in the early developmental 
stage may be a possible factor for the onset of these clinical 
symptoms in DS.

In conclusion, in the present study, bioinformatics analysis 
was performed to preliminarily predict the functions of 
lncRNAs and their interactions with mRNAs in DS. Further 
studies should be performed to determine the interactions 
between lncRNAs and the target genes mentioned above. 
Elucidation of the precise transcriptional regulatory role of 
lncRNAs in DS may help understand the pathogenesis of DS 
and promote the diagnosis and development of novel therapeu‑
tics for this disease.
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