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Abstract
Background: A decreased number of thymic epithelial cells and the development of dysfunction of this
population have been reported to be important factors in thymic degeneration, which can lead to thymus
degeneration, proliferation defects and peripheral T-cell dysfunction. Previous research showed that
umbilical cord mesenchymal stem cells can restore the structure and function of the aging thymus in
vivo, but the specific mechanism is still unclear.

Methods: We treated thymic epithelial cells with H2O2 to establish a cellular senescence model. We
assessed the effect of umbilical cord mesenchymal stem cells on thymic epithelial cells and investigated
the lncRNA, miRNA and mRNA profiles of these cells. Gene Ontology and Kyoto Genome Encyclopedia
analyses were performed on these RNAs to identify key pathways.

Results: Umbilical cord mesenchymal stem cells significantly reversed the H2O2-induced senescence of
thymic epithelial cells. We identified 172 differentially expressed lncRNAs, 23 differentially expressed
miRNAs and 272 differentially expressed mRNAs associated with the reversal of thymic epithelial
senescence by umbilical cord mesenchymal stem cells. In addition, the PI3K-Akt signaling pathway was
identified as a key signaling pathway that promotes cell proliferation by regulating the cell cycle. Finally,
we constructed a lncRNA-associated competing endogenous RNA (ceRNA) network using matched
miRNA, lncRNA, and mRNA expression profiles in the model dataset and altered miRNA expression
profiles in umbilical cord mesenchymal stem cells.

Conclusion: Umbilical cord mesenchymal stem cells have a protective effect against H2O2-induced
thymic epithelial cell senescence. Our study provides new insights into the ceRNA-mediated gene
regulation of thymic senescence progression and the mechanism of action of umbilical cord
mesenchymal stem cells.

Introduction
The thymus is the site where T lymphocytes develop, differentiate and mature and is an important central
immune organ in the human body[1]. Paradoxically, the thymus is the first organ in the body to exhibit an
age-related regression called "thymic regression"[2]. A hallmark of this early involution is a progressive
decline in thymic mass and reduced output of naive T cells, leading to impaired immune function[3].
Oxidative stress has been reported as a new player in thymic degeneration and dysfunction, and the
accumulation of genotoxic and proteotoxic-derived byproducts appears to adversely affect thymic
tissue; conversely, enhanced antioxidant activity has been shown to improve thymus atrophy[4]. Likewise,
oxidative damage is a well-documented inducer of cellular senescence, leading to cell cycle arrest,
increased galactosidase activity, lipofuscin accumulation, and metabolic dysregulation[5, 6]. Considering
that oxidative stress is associated with the induction of cellular senescence and thymic involution and
that senescence is characterized by the accumulation of senescent cells and the decline of thymic



Page 4/27

function, cellular senescence induced by oxidative stress may play a key role in the induction of thymic
involution[7].

Thymic epithelial cells (TECs) are stromal cells that play a major role in the thymic microenvironment
and in all stages of T-cell development[8]. One hypothesis regarding the cause of thymic degeneration is
that aged thymic cortical and medullary TECs lack H2O2-metabolizing enzymes (CAT) and exhibit high
ROS levels and DNA damage, causing a dramatic decrease in the number or activity of medullary
TECs[9]. It has been demonstrated that CAT deficiency in TECs may make these cells more susceptible to
ROS, causing early thymic atrophy[10].

Umbilical cord mesenchymal stem cells (UCMSCs) are adult stem cells derived from neonatal umbilical
cord tissue, and their biological properties are similar to those of mesenchymal stem cells derived from
bone marrow, adipose tissue, and dental pulp[11, 12]. There are few reports on the ability of umbilical
cord mesenchymal stem cells to delay or reverse thymus aging. Jung et al. found that adipose-derived
mesenchymal stem cells have a regenerative effect in a rat thymus aging model, which is manifested as
an increased volume and mass of the rat thymus, and exert positive effects on the mouse thymus by
promoting the proliferation of epithelial cell lines[13]. Zhan Y et al. found in a chemotherapy-induced
thymus injury model that after infusion of mesenchymal stem cells, the volume of the injured thymus
increased, the number of thymocytes and thymic epithelial cells increased, and the morphology of
thymocytes and thymic epithelial cells recovered[14]. Our previous study showed that UCMSC treatment
of aged mice  inhibited thymic senescence and promoted structural and functional thymic regeneration
by downregulating expression of the senescence genes p53 and p16 and upregulating expression of
the SOD, Sirt1 and Sirt3 genes[15]. Thus, mesenchymal stem cells can improve the structure and function
of the thymus.

Accumulating evidence suggests that noncoding RNAs (ncRNAs), such as lncRNAs and microRNAs, are
involved in most pathophysiological mechanisms. miRNAs regulate gene expression by repressing
posttranscriptional protein-coding (mRNAs) and noncoding genes[16, 17]. LncRNAs can exert sponge-like
effects on miRNAs and mRNAs with beneficial and detrimental effects[18]. In addition, lncRNA families
can also regulate molecular processes by acting as host transcripts for miRNAs[19]. There are several
lines of evidence indicating that noncoding RNAs are causally related to age-related disease degeneration
by regulating inflammation, cell proliferation, apoptosis, aging, and autophagy. Here, we cocultured
senescent thymic epithelial cells with umbilical cord mesenchymal stem cells and assessed the changes
in thymic epithelial cell proliferation, the senescent secretory phenotype, and apoptosis. To study the
molecular mechanism involved, bioinformatics methods were used to comprehensively analyze the
changes in the ceRNA network in TECs after coculture with UCMSCs, which provided a theoretical basis
for the reversal of thymic senescence by UCMSCs.

Materials And Method
Cell source
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UCMSCs were provided by the Stem Cell Bank of the Cell Biotherapy Center of the 920th Hospital of the
Chinese People's Liberation Army. The proportions of surface antigens and the induction and
differentiation protocols for fat, bone and cartilage were based on the literature published by our research
group[20-22].

TECs were purchased from Hangzhou Meisen Biological Co., Ltd. and subcultured in culture flasks in
DMEM/F12 medium containing 10% fetal bovine serum. They were then incubated at 37°C in a 5%
carbon dioxide environment.

Experimental groups

Control group: Fourth-passage thymic epithelial cells were collected, the cell concentration was adjusted
to 5×105 L-1, and 100 μL of cell suspension was inoculated into a 6-well culture plate with DMEM/F12
containing 10% fetal bovine serum for culture.

Model group: Fourth-passage thymic epithelial cells were collected, the cell concentration was adjusted to
5×105 L-1, and 100 μL of cell suspension was inoculated into a 6-well culture plate. When the cell fusion
rate was approximately 80%, 200 μmol/L H2O2 (China Nanguo Pharmaceutical Co., Ltd.) was added for
72 h, and the cells were cultured in DMEM/F12 containing 10% fetal bovine serum for 48 h.

Coculture group: Fourth-passage thymic epithelial cells were collected, the cell concentration was
adjusted to 5×105 L-1, and 100 μL of cell suspension was inoculated into 6-well culture plates. When the
cell confluence rate was approximately 80%, 200 μmol/L H2O2 was added for 72 h. Fourth-generation

umbilical cord mesenchymal stem cells were collected, the cell concentration was adjusted to 5×105 L-
1, 100 μL of the cell suspension was inoculated into the upper Transwell chamber, and the
upper Transwell chamber was placed in the 6-well plate of the model group. DMEM/F12 with 10% fetal
bovine serum was used for to coculture the cells for 48 h.

Detection of the expression of Ki67, p27, CDK2 and CCNE by cellular immunofluorescence

Thymic epithelial cells from the control group, model group and coculture group were collected and fixed
with paraformaldehyde. The fixative was removed by suctioning, 100 μL of membrane permeation
working solution was added, the cells were incubated at room temperature for 20 min, and 3% bovine
serum albumin was added to evenly cover the cells. After blocking at room temperature for 30 min, Ki67,
p27, CDK2, and CCNE antibodies were added, and the samples were placed flat in a wet box and
incubated overnight at 4°C. CY3/CY5/FITC goat anti-rabbit was added and incubated at room
temperature for 50 min. DAPI was used to counterstain cell nuclei for 15 min, and finally, the cells
were mounted with anti-fluorescence quenching mounting medium. For microscopic examination and
imaging, sections were observed under a fluorescence microscope, and images were captured (DAPI
emits blue light, CY3 emits red light, FITC emits green light, and CY5 emits pink light).

ELISA 
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The cell culture supernatant of the control, model and coculture groups was collected and centrifuged at
3000 r/min for 15 min, and the supernatant was analyzed according to the instructions provided in each
ELISA kit (Human IL-6 ELISA Kit (EK106), Human IL-8 ELISA Kit (EK108) and Human VEGF ELISA Kit
(EK183)).

Apoptosis assay

Thymic epithelial cells were collected from the control group, model group, and coculture group and fixed
with paraformaldehyde. The fixative was removed, 100 μl of membrane permeation working solution was
added, and the cells were incubated at room temperature for 20 min and washed 3 times with PBS, for 5
min each time. Buffer was then added dropwise to cover the tissue and incubated for 10 min. The
appropriate amounts of TDT enzyme, dUTP, and buffer from the TUNEL kit were mixed at a ratio of 1:5:50
and incubated at 37°C for 2 hours. DAPI staining solution was added dropwise, and the samples were
incubated at room temperature in the dark for 10 min. Anti-fluorescence quenching solution was used to
mount coverslips on the slides with mounting medium. Microscopy and imaging: Sections were observed
under a fluorescence microscope, and images were captured (DAPI emission wavelength: 420 nm, blue
light; CY3 emission wavelength: 590 nm, red light).

Western blot analysis

Cells were collected from different treatment groups and lysed in RIPA buffer (Solarbio, Beijing, China).
Total proteins from TECs were separated by Tris-Gly and 10% gel electrophoresis and then transferred to
nitrocellulose membranes. Cell membranes were blocked with 5% skim milk for 1.5 h at room
temperature, followed by incubation with primary antibodies against Bax (1:1000, ab32503), Caspase-3
(1:1000, ab32351), PI3K (1:1000, ab183957) and AKT (1:1000, GB111114) overnight. The next day, the
membrane was washed with PBST and incubated with horseradish peroxidase-conjugated secondary
antibody for 30 min. Protein bands were detected after treatment with SuperSignal West Femto (Thermo
Fisher Science, Waltham, MA, USA). Antibodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and β-actin were used as internal references, and gray value analysis was performed using
ImageJ software.

RNA extraction and quality control

We selected thymic epithelial cells from the control, model and coculture groups for RNA sequencing, and
total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Detection of RNA quality was
performed using the following methods: NanoDrop assay, Qubit 2.0 assay and Agilent 2100 Bioanalyzer
assay.

Small RNA library construction

Total RNA was extracted from the sample by the TRIzol method, polyacrylamide gel (PAGE)
electrophoresis was used to cut the gel to excise the band in the range of 18-30 nt, and the small RNA
was recovered. The 3' linker and the 5' linker were connected, and then reverse transcription and PCR
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amplification were performed on the small RNA connected to the linkers on both sides. Finally, the band
of approximately 140 bp was recovered, purified by PAGE and dissolved in EBsolution to complete library
construction. The constructed library was tested for quality and yield using an Agilent2100 and
the ABIStepOnePlus Real-Time PCR System (Life Technologies) and sequenced on the machine. We
further filtered the small RNA data obtained by preliminary filtering of the original offline data
and filtered the low-quality reads from the data (the number of bases with a quality value below 20
exceeded 1 or the reads contained N). Reads with a 3' linker were intercepted before the 3' linker for later
analysis; reads containing a 5' linker were filtered out; and reads containing polyA were filtered out (more
than 70% of the bases in a read are A). Finally, the clean, tagged small RNA sequences were obtained for
subsequent analysis.

lncRNA library construction

The eukaryotic mRNA was enriched with magnetic beads with Oligo(dT), the obtained RNA was randomly
fragmented into short fragments, and the fragmented RNA was used as a template to synthesize cDNA
using random hexamers. Then, buffer, dNTPs (dUTP instead of dTTP), RNase H and DNA polymerase
I were added to synthesize the second strand of cDNA, which was purified by a QIAquick PCR kit, eluted
with EB buffer, end repaired, and added to base A. The adaptor was sequenced, and the second
strand was then degraded by the uracil-N-glycosylase (UNG) enzyme. Fragment size selection was
performed by agarose gel electrophoresis, and PCR amplification was performed. The final constructed
sequencing library was sequenced on an Illumina HiSeqTM 4000. The transcripts were reconstructed by
stringtie; the length of the transcripts was ≥200 bp, and the number of exons was ≥2. Two software
programs, CPC and CNCI, were used to predict the coding ability of new transcripts, and the intersection
of these transcripts with no coding potential was taken as a reliable prediction result.

RT–qPCR verification of related genes

Quantitative PCR analysis was performed using TRIzol™ reagent, and total RNA was extracted according
to the manufacturer's instructions (Invitrogen, Carlsbad, California, USA). The cDNA was amplified with
reverse transcriptase (GoldenstarTMRT6. China) and Randomer primers. qPCR was performed using a
CFX96TM Real-Time System (Applied 2720) according to the instructions of SYBR Green Master Mix
(TsingKe Biotech Co., China). The lncRNA, mRNA, and miRNA expression levels were normalized to the
expression levels of GAPDH and U6, respectively, as internal controls, and the gene expression levels were
normalized by the 2-ΔΔT method. The data represent the average of three experiments, and all qPCR
primers are listed in the table below.
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Names Forward primer and reverse primer

GAPDH F: GGAGTCCACTGGCGTCTTCA

R: GTCATGAGTCCTTCCACGATACC

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

VEGFA F: ATGGCAGAAGGAGGAGGG

R: CGATTGGATGGCAGTAGC

EPHA2 F: CTCGGCTGGCTCACACAC

R: GCTCGGGGCACTTCTTGT

MYC F: CTGGATTTTTTTCGGGTAGTG

R: CCTGGATGATGATGTTTTTGA

PIK3R1

 

F: CGAGTGGTTGGGCAATGAAA

R: AATGCTTTACTTCGCCGTCC

BDNF

 

F: GTCTACCCACACGCTTCTGTATG

R: CAGCCTTCATGCAACCAAAGTAT

ENST00000476682

 

F: GTTTAGGAGTGAGAGTAGCGC

R: TGAAGAATCAGAAGAGGGTTT

ENST00000536119

 

F: CCTGTGCCTTCTACCTGTTCT

R: TCCATCTGGCTCTTCTCTGTC

MSTRG.2060.1 F: TCGCTTCCTTGAATCCCTCTG

R: TGAATCGCCTTGAACGCACAT

novel-m0297-5p

 

TAACTGTTTCTGCTAATTACT

hsa-miR-10399-3p

 

CTCTCGGACAAGCTGTAGGTC

 

hsa-miR-365b-5p

 

AGGGACTTTCAGGGGCAGCTGT

 

hsa-miR-3074-3p

 

GATATCAGCTCAGTAGGCACCG

 

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway analysis
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Transcriptional changes at the global level were identified by GO and KEGG pathway
enrichment analyses of mRNAs, miRNA target genes, and lncRNA target genes associated
with UCMSC treatment. Both analyses were performed using metascape analysis.

Construction of the lncRNA-related ceRNA network

The lncRNA-related ceRNA network was established in three steps. First, we screened for targeting
relationships between miRNAs and candidate ceRNAs and negative correlations between their expression
levels. Second, we screened for positive correlations between the expression levels of candidate ceRNAs.
Finally, candidate ceRNA binding was assessed on the basis of the degree of enrichment of the same
miRNA. A lncRNA-miRNA–mRNA network was constructed using Cytoscape v3.01 software.

Statistical analysis

SPSS version 22.0 (IBM Corporation, Armonk, NY, USA) software was used for statistical analysis in our
study. A p value < 0.05 indicates a statistically significant difference.

Result
UCMSCs reverse H2O2-induced TEC senescence

Cell proliferation activity was detected by the Ki67 cellular immunofluorescence method. Compared with
the control group, the cell proliferation activity of the model group was significantly decreased, indicating
that H2O2 inhibited the proliferation of TECs (p<0.01). The coculture of UCMSCs significantly increased
the proliferation activity of TECs (p<0.01) (Fig. 1a). The SASP effect of UCMSCs on H2O2-treated
TECs was detected. As shown in the figure, the levels of the proinflammatory factors IL-6 (Fig. 1b) and IL-
8 (Fig. 1c) in the model group were higher than those in the control group and were increased
after coculture with UCMSCs. The expression level of VEGF (Figure 1d) in the model group decreased, and
the expression level increased after coculture with UCMSCs. The above results indicated that the SASP of
senescent cells significantly changed after coculture with UCMSCs.

Figure 1: UCMSCs reverse H2O2-induced TEC senescence. (a) Effect of UCMSCs on H2O2-induced TEC cell
proliferation viability (n = 3, n is the number of cells analyzed, ****P<0.0001 compared with the control
group, ****P<0.0001 compared with the model group). (b-d) Statistical analysis of SASP secretion levels
of senescent TECs in the presence of UCMSCs (n = 3, n is the number of cells analyzed, ***P<0.001
**P<0.01, *P<0.05).

UCMSCs attenuate H2O2-induced apoptosis in TECs

To study the effect of UCMSCs on H2O2-induced TEC apoptosis, TUNEL staining was used to detect cell
apoptosis. As shown in (Fig. 2a), compared with that in the control group, the proportion of red
fluorescent cells in the model group increased, indicating that after H2O2 induction, apoptosis was
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significantly increased. After coculture with UCMSCs, apoptosis was significantly alleviated. Western
blotting was used to detect the expression of the apoptosis-related proteins Bax and caspase-3. As
shown in (Fig. 2b), compared with the control treatment, H2O2 induced a significant increase in
the expression of Bax and caspase-3. After coculture with UCMSCs, the expression levels of Bax and
caspase-3 were significantly reduced. This indicated that UCMSC coculture had an obvious protective
effect against H2O2-induced apoptosis in TECs.

Figure 2: Protective effect of UCMSCs against H2O2-induced TEC apoptosis. (a) The effect of UCMSCs on
H2O2-induced apoptosis was detected by TUNEL staining (n = 3, n is the number of cells analyzed; ***P<
0.001 vs. the control group, ***P<0.001 vs. the model group). (b) western blot analysis of the apoptosis-
related proteins Bax and caspase-3 (n = 3, n is the number of cells analyzed; ****P<0.0001, ***P<0.001, **
P<0.01).

Functional enrichment analysis of differentially expressed mRNAs

We first focused on changes in the transcript levels of coding genes using p<0.05 and ∣log2FC∣>1.2.
The volcano plot shows that 2772 differential mRNAs (1187 downregulated and 1585 upregulated) were
detected between the model group and the control group. In the model group, 2260 differential mRNAs
(1090 downregulated and 1170 upregulated) were detected between the groups before and
after coculture (Fig. 3a and b). Using the unsupervised clustering method, the expression profiles of the
top 20 up- and downregulated differentially expressed mRNAs were obtained (Fig. 3c and d). Furthermore,
by comparing the gene expression of the three groups, we determined that 156 mRNAs
were downregulated in the model group compared to the control group, and UCMSC coculture
reversed these H2O2-induced mRNA changes, resulting in expression levels similar to those observed in
the control group. Compared with the control group, the model group exhibited upregulation of
116 mRNAs, and these changes were also reversed after UCMSC treatment. Collectively, these results
suggest that H2O2 induced transcriptomic alterations in TECs, which were largely reversed by UCMSC
treatment (Fig. 3e).

Figure 3: Differential expression analysis of mRNAs. (a) Volcano plot of the differential mRNA expression
profiles of the control group and model group. (b) Volcano plot of the differential mRNA expression
profiles of the model group and coculture group. Unsupervised cluster analysis showed (c) the expression
profiles of the top 20 up- and downregulated mRNAs between the control and model groups and (d) the
expression profiles of the model and coculture groups. (e) Heatmap showing that 272 mRNAs showed
altered expression when TECs were treated with H2O2; treatment with UCMSCs reversed these changes.

GO and KEGG analyses of these genes were performed to study the functions of UCMSC-targeted
mRNAs, as shown in (Fig.3f). The most enriched biological processes (BPs) in the GO terms were growth,
regulation of epithelial cell proliferation, and cell aging. The most enriched cellular component (CC) terms
were focal adhesion, lysosome, mitochondrial membrane, etc. TThe most enriched molecular function
(MF) terms were transcription factor binding, RNA polymerase II-specific DNA-binding transcription factor
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binding, growth factor binding, etc. The top enriched KEGG pathways are shown in (Fig.3g). The MAPK
signaling pathway, cAMP signaling pathway, VEGF signaling pathway, PI3K-Akt signaling
pathway, apoptosis, etc., may be related to the reversal of TEC senescence by UCMSCs.

Figure 3: Functional enrichment analysis of differentially expressed mRNAs (f) and GO enrichment
analysis of UCMSC-altered mRNAs. The superscript numbers represent the number of genes and P
values marked on the GO item, and the ordinate represents the GO item. (g) KEGG enrichment analysis of
mRNAs with altered expression in the presence of UCMSCs. The superscript numbers indicate the number
of genes and P value values marked on the GO item, and the ordinate is the KEGG pathway.

Functional enrichment analysis of differentially expressed lncRNAs

Using the same method (log2(FC)>1.2 and p<0.05), volcano plots were generated to compare the
differential lncRNA expression profiles of the "model group vs. control group" and "UCMSC group vs.
model group". (Fig.4a) shows that compared with the control group, the model
group had 1120 differentially expressed lncRNAs (555 upregulated and 565 downregulated), and
compared with the model group, UCMSCs had 1033 differentially expressed lncRNAs
(558 upregulated and 475 downregulated) (Fig. 4b). Similar to mRNAs, the expression profiles of the top
20 up- and downregulated differentially expressed lncRNAs are shown in (Fig.4c and d). Compared with
the control group, the model group exhibited 172 lncRNAs that were significantly abnormally expressed
(67 were upregulated, and 105 were downregulated). After treatment with UCMSCs, these H2O2-induced
lncRNA changes were reversed, resulting in expression levels similar to those in the control group. (Fig.
4e).

Figure 4: Analysis of differential expression of lncRNAs and volcano plots of the expression profiles of
differentially expressed lncRNAs (a) between the control group and the model group and (b) between the
model group and the UCMSC group. Unsupervised cluster analysis showed the expression profiles of the
top 20 up- and downregulated lncRNAs (c) between the control and model groups and (d) between the
model and coculture groups. (g) Heatmap showing 172 lncRNAs that were altered by H2O2 in TECs;
treatment with UCMSCs reversed these alterations. As shown in Figure (4e),

GO analysis of UCMSC-targeted potential lncRNA target genes indicated that the most enriched GO terms
included regulation of epithelial cell differentiation, morphogenesis of an epithelium, epithelial and cell
differentiation (BP); focal adhesion and cell-substrate junction (CC); and growth factor
activity and protein domain specific binding (MF)(Fig. 4f). As shown in (Fig. 4g), the apoptosis, cell cycle
and VEGF signaling pathways were enriched in the KEGG analysis of potential lncRNA target genes.

Figure 4: Differentially expressed lncRNA functional enrichment analysis. (f) GO enrichment analysis
of UCMSC-altered lncRNA target genes. The superscript numbers represent the number of genes and P
values marked on the GO item, and the ordinate represents the GO item. (g) KEGG enrichment analysis of
UCMSC-altered lncRNAs. The superscript numbers indicate the number of genes and P values marked on
the GO item, and the ordinate is the KEGG pathway.
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Functional enrichment analysis of differentially expressed miRNAs

After comparing the miRNA transcriptomes of different groups, volcano plot (Fig. 5a and b) analysis
revealed 208 H2O2-responsive miRNAs (i.e., 100 upregulated and 108 downregulated in the H2O2

intervention group) and 175 UCMSC-responsive miRNAs (i.e., 102 were upregulated and 73
were downregulated after UCMSC treatment). The results of unsupervised clustering analysis revealed
that the top 20 differentially expressed miRNAs were upregulated and downregulated (Fig. 5c and d).
Compared with the control group, the model group exhibited downregulated expression of 12 miRNAs,
and this effect was reversed after UCMSC treatment. Compared with the control treatment, the H2O2

intervention induced upregulation of 11 miRNAs, and after coculture with UCMSCs, the levels of these
miRNAs were similar to those in the control group (Fig. 5e).

Figure 5: Differential expression analysis of miRNAs and volcano plots of DE miRNA expression profiles
(a) between the control and model groups and (b) between the model and coculture groups. Unsupervised
cluster analysis showed the expression profiles of the top 20 miRNAs that were up-
and downregulated between the control and model groups. (c) and (d) The expression profiles of the
model and coculture groups. (e) Heatmap showing 23 miRNAs that were altered when TECs were
subjected to H2O2-induced senescence, which was reversed by UCMSCs.

In the GO analysis (Fig. 5f), the BP terms were cell differentiation, growth and apoptotic process. MFs
were mainly enriched in RNA polymerase II regulatory region sequence-specific DNA binding and growth
factor receptor binding. Regarding CCs, the enriched terms included chromatin, mitochondrial outer
membrane, and lysosome. The most enriched KEGG pathways are shown in (Fig. 5g). Major genes were
enriched in the following pathways: FoxO signaling pathway, EGFR tyrosine kinase inhibitor
resistance, MAPK signaling pathway, Jak-STAT signaling pathway, etc. These results suggest that
miRNA-regulated target mRNAs may participate in the protective function of UCMSCs through these
pathways. The PI3K-AKT signaling pathway has also been found to be closely related to this process.

Figure 5: Functional enrichment analysis of differentially expressed miRNAs. (f) GO enrichment analysis
of target genes of miRNAs altered by UCMSCs. The superscript numbers represent the number of genes
and P values marked on the GO item, and the ordinate represents the GO item. (g) KEGG enrichment
analysis of UCMSC-altered lncRNAs. The superscript numbers indicate the number of genes and P
values marked on the GO item, and the ordinate is the KEGG pathway.

RT–qPCR verification of related genes

We performed RT–qPCR analysis to validate the results of RNA-seq. Among the differentially expressed
mRNAs most strongly associated with the reversal of TEC senescence by UCMSCs, we selected 5 mRNAs
enriched in the PI3K-AKT signaling pathway for real-time qPCR: VEGFA, EPHA2, BDNF, MYC, and PIK3R1.
In addition, abnormally regulated noncoding RNAs were selected for real-time qPCR analysis, with 5
miRNAs (novel-m0297-5p, hsa-miR-10399-3p, hsa-miR-365b-5p, hsa-miR-3074-3p, hsa-miR-3691-5p) and
3 lncRNAs (ENST00000476682, ENST00000536119, MSTRG.2060.1). As shown in Figure (6), the
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expression levels detected by RT–qPCR were consistent with the results of RNA-Seq. Therefore, all of
these lncRNAs, miRNAs and mRNAs were identified as targets closely related to UCMSC therapy and
included in subsequent analyses.

Figure 6: RT–qPCR-validated differential expression of ncRNAs and mRNAs. The data show that the
expression levels of lncRNAs (ENST00000476682, ENST00000536119, MSTRG.2060.1), microRNAs
(novel-m0297-5p, hsa-miR-10399-3p, hsa-miR-365b-5p, hsa-miR-3074-3p, hsa- miR-3691-5p), and mRNAs
(VEGFA, EPHA2, BDNF, MYC, PIK3R1) and the RT–qPCR results were consistent with the RNA sequencing
results.

UCMSCs activate the PI3K-AKT pathway in H2O2-injured TECs to regulate the TEC cell cycle

Combined with the results of KEGG analysis, we speculated that the PI3K-AKT pathway may be the key
pathway by which UCMSCs reverse TEC senescence. As shown in (Fig. 7a), compared with those in the
model group, the levels of the PI3K and AKT proteins in the UCMSC group increased, suggesting that PI3K
and AKT protein levels were elevated under the action of UCMSCs. At the same time, we detected the
expression of p27 (Fig. 7b), CDK2 (Fig. 7c) and CCNE (Fig. 7D), the key nodes that regulate the cell cycle
downstream of PI3K. The expression of p27 decreased and the expression of CDK2 and CCNE increased
after coculture. This result indicates that UCMSCs may induce senescent TECs to enter the proliferation
and replication phase by activating the PI3K-AKT signaling pathway.

Figure 7: UCMSCs activate the PI3K-AKT pathway in senescent TECs. (a) The expression of PI3K-AKT
signaling pathway proteins was detected by western blotting, and GAPDH was used as a control. (b-d)
Immunofluorescence detection of the expression of p27, CDK2 and CCNE at key sites of cell cycle
regulation downstream of the PI3K signaling pathway.

A comprehensive network analysis of lncRNA-associated ceRNAs

In this study, Miranda (v3.3a) and TargetScan (Version: 7.0) software was used to perform target gene
prediction, and the intersection of the target gene prediction results obtained with the two software
programs was used as the result of miRNA target gene prediction. Based on the identified differentially
expressed RNAs between the control and model groups, a lncRNA-related ceRNA network (containing 19
mRNAs, 33 lncRNAs, and 6 miRNAs) associated with H2O2-induced TEC senescence was constructed
(Fig. 8). Furthermore, treatment with UCMSCs affected the expression of 14 lncRNAs, which subsequently
regulated 11 mRNAs by competitively binding to 3 miRNAs (miR-93-x, miR-181-x, and novel-0297-5p). The
arrows inside the lncRNA-miRNA–mRNA network represent the changes in RNA levels after coculture with
UCMSCs. Overall, evidence from our bioinformatics analysis suggests that lncRNAs contain miRNA-
responsive elements and play key regulatory roles.

Figure 8: LncRNA-miRNA–mRNA interaction network. Circles represent mRNAs, squares represent
lncRNAs, and triangles represent miRNAs. Red and green represent up- and downregulation in the model
group, respectively. Arrows indicate UCMSC-altered RNAs, and downward arrows indicate downregulation.
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Discussion
To our knowledge, this is the first comprehensive study of the lncRNA-associated ceRNA network,
revealing that UCMSCs enable senescent TECs to reverse their senescence through the ceRNA molecular
network. Our results showed that compared with H2O2 treatment, UCMSC coculture significantly
increased cell proliferation and inhibited apoptosis. In addition, 172 differentially expressed lncRNAs, 23
differentially expressed miRNAs, and 272 differentially expressed mRNA associations were identified, and
the sequencing results were verified by RT–qPCR. Evidence from KEGG enrichment functional analysis
indicated that UCMSCs reversed TEC senescence, possibly via regulation of the cell cycle
by the PI3K/AKT signaling pathway, which was further confirmed by western blotting and cellular
immunofluorescence. Based on authoritative databases, the lncRNA-associated ceRNA network was
visualized, and miRNAs, lncRNAs and mRNAs were comprehensively analyzed. This approach may
provide new ideas for the treatment of thymic aging.

First, we focused on differentially expressed encoded genes. A total of 2772 genes with H2O2-induced
changes were detected, of which 1585 genes were upregulated and 1187 genes were downregulated. In
addition, a total of 2260 UCMSC-induced altered genes were identified (1090 upregulated,
1170 downregulated). By comparing the gene expression data of the three groups, we ultimately
identified 272 mRNAs that may be involved in the protective effect of UCMSCs against H2O2-induced TEC
senescence. Among other genes that have been previously annotated, some are involved
in the mechanisms of oxidative stress. DDIT4 has been shown to inhibit mTOR and the cyclin-dependent
kinase inhibitor p21 and protect cells from stress-induced premature senescence[23, 24]. Sestrin2
(SESN2) is a good regulator of autophagy and the antioxidant response responsible for reducing the
accumulation of ROS and inhibiting mTORC1 signaling, a new target for antiaging research[25,
26]. HCAR3 and HCAR2 are G protein-coupled receptors that activate downstream targets at the PI3K/Akt
signaling level to control cell proliferation and survival in a cell-type-specific manner[27, 28]. VEGFA is a
family of growth factors that regulate cell proliferation during aging[29, 30]. Compared with the control
group, the expression levels of DDIT4, SESN2, HCAR3, HCAR2, PTGS2, and VEGFA were decreased in the
H2O2-treated group, and interestingly, the expression of these genes was upregulated to normal levels
after coculture with UCMSCs; these mRNAs are important in thymic aging-related diseases. The specific
factors associated with the senescence-reversing effect of UCMSCs deserve further investigation.

LncRNAs have negative or positive effects on oxidative stress-induced aging[31, 32]. Therefore, studying
lncRNAs involved in thymic epithelial cell senescence may contribute to further research on specific
biomarkers of thymic senescence-related diseases. In our study, a total of 1120 lncRNAs were found to be
associated with H2O2-induced TEC senescence, and a large number of lncRNAs were functionally
described. In addition, a total of 277 lncRNAs were found to play a role in the reversal of TEC senescence
by UCMSCs. However, knowledge concerning the potential functions of these lncRNAs is limited, and
future studies should determine the exact mechanisms of lncRNAs in the reversal of TEC senescence by
UCMSCs.
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Oxidative stress is an upstream regulator or downstream effector of miRNAs involved in the regulation of
thymic aging in mice[33, 34]. However, its regulatory mechanism still needs extensive research. In this
study, a total of 208 miRNAs were observed to cause changes during H2O2 treatment, and a few miRNAs
were found to play an important role in the reversal of thymic epithelial aging by UCMSCs. Interestingly,
these aging-related miRNAs were all newly discovered. Further studies are needed to reveal the functions
of these miRNAs in the aging process of the thymus and their specific roles in the mechanism of UCMSC
treatment.

The potential functions of the differential mRNAs and lncRNAs identified in this study were further
predicted by KEGG pathway analysis. Pathway analysis of mRNA indicated that the PI3K signaling
pathway plays an important role in the reversal of thymic epithelial cell senescence by UCMSCs. Western
blotting results showed that the levels of PI3K and AKT increased during the reversal of senescence in
UCMSCs, resulting in a decrease in the expression of p27, a key node that regulates the cell cycle
downstream of AKT, and an increase in the expression of CDK2 and CCNE by reducing the inhibition of
CDK2 and CCNE, indicating that UCMSCs regulate PI3K/AKT. The p27 signaling pathway regulates the
thymic epithelial cell cycle. As previously mentioned, the PI3K/Akt pathway is important for the regulation
of cell cycle progression[35, 36], is involved in the alteration of p27 activity, and
subsequently abolishes its inhibition of the Cdk2/cyclin A and Cdk2/cyclin E complexes, enhances the
kinase activity of cells from late G1 to S phase, and promotes cell replication and proliferation[37, 38].

RNA transcripts and lncRNAs with miRNA-responsive elements may act as ceRNAs to repress miRNA
function through mutual regulation by shared miRNA-responsive elements[39]. In this study, we
constructed a putative lncRNA-miRNA–mRNA network describing the mechanism by which lncRNAs act
as ceRNAs. This mechanism may regulate mRNA expression by regulating the levels of its upstream
miRNA regulators. We identified certain lncRNAs that act as sponges to participate in the protective effect
of UCMSCs against TEC senescence. The results showed that 14 UCMSC-targeted lncRNAs could
competitively bind to miR-93-x, miR-181-x, and novel-0297-5p, thereby regulating the expression of 11
mRNAs. Notably, additional studies are needed to further elucidate this coexpression network.

In conclusion, the coding and noncoding transcriptomes of TECs were altered in the control, model
and coculture groups. Considering the above results and bioinformatics analysis results, this study
showed that abnormally expressed miRNAs, lncRNAs and mRNAs were involved in several specific
biological processes and were involved in pathways related to H2O2-induced TEC senescence and
UCMSC reversal of senescence. To more accurately elucidate the mechanism of reversal of TEC
senescence by UCMSCs, future studies need to overcome several limitations. Changes in ncRNAs and
mRNAs in other senescent cells and animal models should also be observed. In addition, further
validation studies are needed to determine the key factors regulating thymic epithelial cell senescence.

Conclusion
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i The proliferation ability of aging thymic epithelial cells was weakened, the expression of the
proinflammatory factors IL-6 and IL-8 was increased, and the expression of VEGF was decreased.

ii The number of apoptotic cells increased in aging thymic epithelial cells, and the expression
of the apoptosis-related proteins Bax and caspase-3 increased. After coculture, the number of apoptotic
cells decreased, and the expression of apoptosis-related proteins decreased.

iii We established a network of ceRNAs related to the reversal of TEC senescence by UCMSCs and
identified the phosphatidylinositol-3-kinase/protein kinase B pathway as a key signaling pathway
involved in regulating the cell cycle.
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Figures

Figure 1

UCMSCs reverse H2O2-induced TEC senescence. (a) Effect of UCMSCs on H2O2-induced TEC cell
proliferation viability (n = 3, n is the number of cells analyzed, ****P<0.0001 compared with the control
group, ****P<0.0001 compared with the model group). (b-d) Statistical analysis of SASP secretion levels
of senescent TECs in the presence of UCMSCs (n = 3, n is the number of cells analyzed, ***P<0.001
**P<0.01, *P<0.05).
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Figure 2

Protective effect of UCMSCs against H2O2-induced TEC apoptosis. (a) The effect of UCMSCs on H2O2-
induced apoptosis was detected by TUNEL staining (n = 3, n is the number of cells analyzed; ***P< 0.001
vs. the control group, ***P<0.001 vs. the model group). (b) western blot analysis of the apoptosis-related
proteins Bax and caspase-3 (n = 3, n is the number of cells analyzed; ****P<0.0001, ***P<0.001, **
P<0.01).
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Figure 3

Differential expression analysis of mRNAs. (a) Volcano plot of the differential mRNA expression profiles
of the control group and model group. (b) Volcano plot of the differential mRNA expression profiles of the
model group and coculture group. Unsupervised cluster analysis showed (c) the expression profiles of the
top 20 up- and downregulated mRNAs between the control and model groups and (d) the expression
profiles of the model and coculture groups. (e) Heatmap showing that 272 mRNAs showed altered
expression when TECs were treated with H2O2; treatment with UCMSCs reversed these changes.



Page 23/27

Figure 4

Analysis of differential expression of lncRNAs and volcano plots of the expression profiles of
differentially expressed lncRNAs (a) between the control group and the model group and (b) between the
model group and the UCMSC group. Unsupervised cluster analysis showed the expression profiles of the
top 20 up- and downregulated lncRNAs (c) between the control and model groups and (d) between the
model and coculture groups. (g) Heatmap showing 172 lncRNAs that were altered by H2O2 in TECs;
treatment with UCMSCs reversed these alterations. As shown in Figure (4e),
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Figure 5

Differential expression analysis of miRNAs and volcano plots of DE miRNA expression profiles (a)
between the control and model groups and (b) between the model and coculture groups. Unsupervised
cluster analysis showed the expression profiles of the top 20 miRNAs that were up- and downregulated
between the control and model groups. (c) and (d) The expression profiles of the model and coculture
groups. (e) Heatmap showing 23 miRNAs that were altered when TECs were subjected to H2O2-induced
senescence, which was reversed by UCMSCs.
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Figure 6

RT–qPCR-validated differential expression of ncRNAs and mRNAs. The data show that the expression
levels of lncRNAs (ENST00000476682, ENST00000536119, MSTRG.2060.1), microRNAs (novel-m0297-
5p, hsa-miR-10399-3p, hsa-miR-365b-5p, hsa-miR-3074-3p, hsa- miR-3691-5p), and mRNAs (VEGFA,
EPHA2, BDNF, MYC, PIK3R1) and the RT–qPCR results were consistent with the RNA sequencing results.
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Figure 7

UCMSCs activate the PI3K-AKT pathway in senescent TECs. (a) The expression of PI3K-AKT signaling
pathway proteins was detected by western blotting, and GAPDH was used as a control. (b-d)
Immunofluorescence detection of the expression of p27, CDK2 and CCNE at key sites of cell cycle
regulation downstream of the PI3K signaling pathway.
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Figure 8

LncRNA-miRNA–mRNA interaction network. Circles represent mRNAs, squares represent lncRNAs, and
triangles represent miRNAs. Red and green represent up- and downregulation in the model group,
respectively. Arrows indicate UCMSC-altered RNAs, and downward arrows indicate downregulation.


