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Objective: Epithelial-mesenchymal transition (EMT) is an important factor leading to
peritoneal fibrosis (PF) in end-stage renal disease (ESRD) patients. The current research
aimed to evaluate the effect of long non-coding RNA growth arrest-specific 5 (lncRNA
GAS5) in human peritoneal mesothelial cells (HPMCs) EMT and explore the potential
molecular mechanisms.

Materials and Methods: HPMCs were cultured under control conditions or with high
glucose (HG). The cells were then treated with lncRNA GAS5, lncRNA GAS5 siRNA,
with or without miR-21 inhibitor and PTEN transfection. Expression of lncRNA GAS5,
miR-21, α-SMA, Vimentin, E-cadherin, phosphatase and tensin homolog deleted on
chromosome ten (PTEN), Wnt3a, and β-catenin were measured by real time PCR and
Western blotting. Bioinformatics analyses were used to test the specific binding sites
between the 3′ UTR of the PTEN gene, miR-21, and lncRNA GAS5. Rescue experiments
were performed to confirm the lncRNA GAS5/miR-21/PTEN axis in HPMC EMT.

Results: We found that HG-induced EMT decreased lncRNA GAS5 and that
overexpression of lncRNA GAS5 can attenuate EMT in HPMCs. In addition, lncRNA
GAS5 regulated HG-induced EMT through miR-21/PTEN. Cotransfection of miR-21
inhibitors remarkably increased PTEN expression and attenuated EMT in lncRNA
GAS5 knockdown HPMCs. Moreover, rescue experiments showed that overexpression
of PTEN attenuated the EMT effects of lncRNA GAS5 siRNA in HPMCs. We also
confirmed that the Wnt/β-catenin pathway was stimulated in lncRNA GAS5/miR-
21/PTEN-mediated EMT.

Conclusion: Our research showed that lncRNA GAS5 competitively combined with
miR-21 to regulate PTEN expression and influence EMT of HPMCs via the Wnt/β-catenin
signaling pathway. This study provides novel evidence that lncRNA GAS5 may be a
potential therapeutic target for HPMC EMT.
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INTRODUCTION

Peritoneal dialysis (PD) is one of the important alternative
therapies for end-stage renal disease (ESRD), and it has
been more widely used recently. However, long-term PD
exposes peritoneal mesothelial cells to biologically incompatible
PD fluid, which leads to loss of ultrafiltration and is an
important reason for PD patient withdrawal from PD
treatment (Zhang et al., 2012). Recently, researchers have
found that epithelial-mesenchymal transition (EMT), the initial
reversible step in the peritoneal fibrosis (PF) process, is an
important factor leading to PF in patients with PD. Therefore,
exploring the mechanisms of EMT and taking measures to
effectively delay or even reverse its progress could prolong
the dialysis period for PD patients and improve quality of life
for ESRD patients.

The latest research suggests that differentially expressed
long non-coding RNAs (lncRNAs) may play a vital regulatory
role in the occurrence and development of organ fibrosis
(Cao et al., 2013). One study found that 232 lncRNAs were
differentially expressed in the PF mouse model used, indicating
that lncRNAs are also involved in the regulation of PF (Liu
et al., 2015). Among these lncRNAs, lncRNA GAS5 has been
shown to regulate organ fibrosis in liver (Gong et al., 2018),
heart (Liu H. L. et al., 2019), and kidney (Zhang et al., 2020)
through binding of competing endogenous RNAs (ceRNAs)
to microRNAs (miRs) and by directly binding proteins. miR-
21 has also been shown to induce organ fibrosis in liver
(Noetel et al., 2012), lungs (Liu et al., 2010), heart (Brønnum
et al., 2013), and kidneys (Glowacki et al., 2013). Researchers
showed that lncRNA GAS5 can target the miR-21 gene and
regulate cell proliferation and apoptosis (Liu et al., 2018; Liu
K. et al., 2019). Our previous research demonstrated that miR-
21 targeting of phosphatase and tensin homolog deleted on
chromosome ten (PTEN) played an important role in the HG-
induced EMT of human peritoneal mesothelial cells (HPMCs)
(Yang et al., 2018).

The Wnt signaling pathway is known to regulate organ
fibrosis and EMT (Akcora et al., 2018; Wang et al.,
2018). The Wnt/β-catenin signaling pathway has been
confirmed to be involved in peritoneal EMT, specifically
(Yang et al., 2017).

Based on the above findings, our research aimed to investigate
the role of lncRNA GAS5 in the miR-21/PTEN axis and the effect
of Wnt/β-catenin signaling pathway in EMT of HPMCs.

MATERIALS AND METHODS

Cell Culture and Treatments
HPMCs and HMrSV5 were cultured in RPMI 1640 medium
containing 10% fetal bovine serum (FBS) at 37◦C in 5%
CO2. After adherence to the wall, the cells were digested
and passaged at ratios of 1:3 to 1:4. Following our previously
published methods (Yang et al., 2018), HPMCs were cultured
with 5.5 mmol/L glucose (normal glucose, Control), 2.5% HG
(126 mmol/L) and mannitol as the high osmotic pressure

group (5.5 mM glucose + 120.5 mmol/L mannitol)for 24 h,
then cells were collected for subsequent experiments. lncRNA
GAS5 overexpression plasmids and lncRNA GAS5 siRNA were
purchased from GenePharma (Shanghai, China). The empty
pcDNA3.1 vector was used as a control. miR-21 inhibitors
and respective negative control miRs (NC-miR) were bought
from RiboBio (Guangzhou, China). HPMCs were transfected
with plasmids or oligonucleotides using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. After
stimulation with 2.5% HG for 24 h, cells were then collected
for real time PCR and western blotting. Transfection efficacy
was verified by quantitative real-time polymerase chain reaction
(RT-qPCR) analysis 24 h after transfection.

Western Blotting
Western blot analysis was conducted as previously published
(Yang et al., 2018). Total protein was extracted from lysed
cells using RIPA buffer (Beyotime, Shanghai, China) and then
quantified using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Rockford, IL). About 50 µg protein from
HPMCs were subjected to 10% SDS-PAGE at 70 V for 2 h
before being transferred onto a PVDF membrane (Millipore,
Billerica, MA) at 100 V for 1 h. After blocking with 5% non-
fat dry milk, the membranes were incubated overnight at 4◦C
with 1:1,000 dilutions for primary antibodies and 1:5,000 for
secondary antibodies. Images of protein bands were captured by
UVP (G-BOX EF) after development with ECL reagents
(Pierce Biotechnology, Inc.). Quantitation of protein levels were
measured by densitometry from three independent experiments,
normalized to loading control β-actin.

Real-Time PCR
Total RNA was extracted from HPMCs using Trizol reagent
(Invitrogen) according to the manufacturer’s instruction. First-
strand cDNAs were synthesized using a Reverse Transcription
System kit according to the manufacturer’s protocol (Takara).
Real-time quantitative PCR was conducted by the SYBR
Premix Ex Taq II kit (Takara) with the ABI 7500 Real-
Time PCR System (Applied Biosystems, CA). The relative
gene expression levels were measured using the 2−11Ct

method after normalization with GAPDH or U6 (RiboBio,
Guangzhou, China). Experiments were repeated at least
three times. The primer sequences (RiboBio, Guangzhou,
China) were as follows: lncRNA GAS5 forward primer: 5′-
CAGATGCAGTGTGGCTCTGGA-3′ and reverse primer:
5′-TGTGTGCCAATGGCTTGAGTTAG-3′; miR-21-5p Reverse
transcription (RT) primer: 5′-GTCGTATCCAGTGCAGG
GTCCGAGGTATTCGCACTGGATACGACTCAACATCAGT-
3′, forward primer: 5′-GGCGGTAGCTTATCAGACTGATG-3′,
and reverse primer: 5′-GTGCAGGGTCCGAGGTATTC-3′;
U6 RT primer: 5′-AACGCTTCACGAATTTGCGT-3′, forward
primer: 5′-CTCGCTTCGGCAGCACA-3′, and reverse primer:
5′-AACGCTTCACGAATTTGCGT-3′; and GAPDH forward
primer: 5′-GCACCGTCAAGGCTGAGAAC-3′ and reverse
primer: 5′-TGGTGAACACGCCAGTGGA-3′.
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FIGURE 1 | HG-induced EMT decreased lncRNA GAS5 while lncRNA GAS5 overexpression attenuated EMT in HPMCs. HPMCs were cultured with 2.5% HG and
mannitol for 24 h. (A) HG treatment induced EMT in HPMCs. (B,C) HG decreased lncRNA GAS5 expression significantly in HPMCs and HMrSV5. (D,E) HPMCs
were transfected with pcDNA3.1-GAS5 and lncRNA GAS5 siRNA. (F) Compared with HG group, lncRNA GAS5 attenuated the progress of the HPMCs EMT.
(G) Compared with HG group, lncRNA GAS5 siRNA enhanced the HPMCs EMT. (H) Normal cells showed a paving stone-like appearance, HPMCs were changed to
a fibroblast-like morphology after incubation with HG, lncRNA GAS5 reversed the morphological alteration induced by HG, while lncRNA GAS5 siRNA exacerbated
the morphological alteration. All the results are represented as mean ± SEM from three independent experiments. (**P < 0.01 vs. control, ##P < 0.01 vs. HG).
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FIGURE 2 | LncRNA GAS5 regulated HG-induced EMT through miR-21/PTEN. (A) Western blotting showed that PTEN was downregulated in HG-induced EMT.
(B) Compared with HG group, overexpression of lncRNA GAS5 upregulated PTEN expression. (C) Compared with HG group, lncRNA GAS5 siRNA downregulated
PTEN expression. (D) Real-time PCR showed that miR-21 was upregulated in HG-induced EMT, compared with HG group, overexpression of lncRNA GAS5
downregulated miR-21 and lncRNA GAS5 siRNA upregulated miR-21. Each value represents the mean ± SEM (n = 3) (∗∗P < 0.01 vs. control, ##P < 0.01 vs. HG).

Immunofluorescence Staining With
β-Catenin
The cell slides were placed in 24-well plate, HPMCs were seeded
at 1 × 105 cells/well, and cultured overnight in a 37◦C, 5% CO2
incubator. After 4% paraformaldehyde fixation, 0.25% Triton X-
100 permeabilization, 5% BSA (Sigma-Aldrich; Merck Millipore)
blocking and PBS washing, 10% BSA diluted β-catenin primary
antibody was incubated overnight at 4◦C; after PBS washing for
5 min× 3 times, 10% BSA diluted secondary antibody and DAPI
were incubated at 37◦C for 1 h. Stained cells were visualized

using a fluorescence microscope (Nikon ECLIPSE Ti; Nikon
Corporation, Tokyo, Japan).

Statistical Analyses
All statistical analyses were carried out using SPSS (version 18)
software. Quantitative data were presented as mean ± SEM.
Student t tests were carried out for comparisons between two
groups and standard ANOVA methodology was carried out for
comparisons among multiple groups (P < 0.05 was considered
statistically significant).
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FIGURE 3 | LncRNA GAS5 regulated PTEN by competitively binding to miR-21. (A,B) Bioinformatics analyses showed that there were specific binding sites
between lncRNA GAS5 and sequences of miR-21 (A) and between the 3′ UTR of the PTEN gene and sequences of miR-21 (B). (C) miR-21 inhibitor increased
PTEN and attenuated lncRNA GAS5 siRNA-induced EMT of HPMCs. (D) PTEN reversed the lncRNA GAS5 siRNA-induced EMT of HPMCs. Each value represents
the mean ± SEM (n = 3) (**P < 0.01 vs. control, &&P < 0.01 vs. siGAS5).

RESULTS

HG-Induced EMT Decreased IncRNA
GAS5 While IncRNA GAS5
Overexpression Attenuated EMT in
HPMCs
Compared with the control group, stimulation of HPMCs
with 2.5% HG for 24 h increased the expression of α-SMA
and Vimentin significantly while it decreased the expression
of E-cadherin, which means that HG treatment induced
EMT in HPMCs (Figure 1A). HG treatment also significantly
decreased lncRNA GAS5 expression in HPMCs and HMrSV5
cell lines (Figures 1B,C). In order to test whether lncRNA GAS5
could modulate HG-induced EMT, HPMCs were transfected
with pcDNA3.1-GAS5 and GAS5 siRNA. The expression of
lncRNA GAS5 was significantly upregulated and downregulated,
respectively (Figures 1D,E). Compared with HG group,
overexpression of lncRNA GAS5 significantly decreased the

levels of α-SMA and Vimentin while increasing the level of
E-cadherin (Figure 1F), which suggests that lncRNA GAS5
attenuated EMT progress of the HPMCs. Moreover, lncRNA
GAS5 siRNA exacerbated the HPMCs’ EMT (Figure 1G).
The cell morphology alterations of the above groups were
also observed. Normal cells showed a paving stone-like
appearance, which was changed to a fibroblast-like morphology
after incubation with HG, overexpression of lncRNA GAS5
reversed the changes in cell morphology induced by HG, while
lncRNA GAS5 siRNA exacerbated the morphological alteration
(Figure 1H). These data demonstrate that lncRNA GAS5
modulated HG-induced EMT in HPMCs.

LncRNA GAS5 Regulated HG-Induced
EMT Through miR-21/PTEN
To confirm whether lncRNA GAS5 regulate HG-induced
EMT through miR-21/PTEN, the expression of miR-21 and
PTEN were measured after pcDNA3.1-GAS5 and GAS5 siRNA
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FIGURE 4 | The Wnt/β-catenin pathway was stimulated in lncRNA
GAS5/miR-21/PTEN-mediated EMT. (A) HG stimulated the Wnt/β-catenin
pathway. (B) lncRNA GAS5 overexpression significantly downregulated the
Wnt/β-catenin pathway. (C) lncRNA GAS5 siRNA significantly upregulated the
Wnt/β-catenin pathway. (D) Immunofluorescence staining demonstrated
that an increase of nuclear β-catenin accumulation was evident in HG-induced
HPMCs EMT, lncRNA GAS5 overexpression attenuated β-catenin nuclear
localization and lncRNA GAS5 siRNA aggravated nuclear localization. The
arrows indicate nuclear localization of β-catenin. (E) miR-21 inhibitor
attenuated lncRNA GAS5 siRNA stimulated Wnt/β-catenin pathway. (F) PTEN
reversed lncRNA GAS5 siRNA stimulated Wnt/β-catenin pathway. Each value
represents the mean ± SEM (n = 3) (**P < 0.01 vs. control, ##P < 0.01 vs.
HG, &&P < 0.01 vs. siGAS5).

transfection in HPMCs. Western blotting showed that PTEN
was downregulated in HG-induced EMT (Figure 2A). Compared
with HG group, overexpression of lncRNA GAS5 upregulated
PTEN expression (Figure 2B); in contrast, lncRNA GAS5 siRNA
downregulated PTEN expression (Figure 2C). Meanwhile, Real-
time PCR showed that miR-21 was upregulated in HG-induced
EMT, overexpression of lncRNA GAS5 downregulated miR-21
and lncRNA GAS5 siRNA upregulated miR-21 when compared
with HG group (Figure 2D). These data demonstrate that
lncRNA GAS5 regulated HG-induced EMT through miR-
21/PTEN.

IncRNA GAS5 Regulated PTEN by
Competitively Binding to miR-21
In a previous study, we reported that miR-21 targeted PTEN
during EMT of HPMCs (Yang et al., 2018). In this study,
we further verified that lncRNA GAS5 regulated PTEN by
competitively binding to miR-21 in HPMCs. Bioinformatics
analyses showed that there were specific binding sites between the
3′ UTR of the PTEN gene and sequences of miR-21 and between
lncRNA GAS5 and sequences of miR-21 (Figures 3A,B).

To further confirm the regulatory mechanism of the
lncRNA GAS5/miR-21/PTEN axis in HPMC EMT, two rescue
experiments were performed. The results showed that the
expression of PTEN was downregulated and EMT was enhanced
after the lncRNA GAS5 siRNA transfection; additionally, the
expression of PTEN was increased and EMT was attenuated
following treatment of HPMCs with a miR-21 inhibitor, the
expression of PTEN and EMT markers showed no difference
between GAS5 siRNA and GAS5 siRNA + NC miR-21 inhibitor
groups (Figure 3C). In the next experiment, HPMCs were
transfected with lncRNA GAS5 siRNA and PTEN plasmid
individually and in combination. Transfection of lncRNA
GAS5 siRNA alone reduced the gene expression of PTEN
and enhanced EMT progress of the HPMCs. When the cells
were simultaneously transfected with lncRNA GAS5 siRNA and
PTEN, EMT progress was significantly reversed (Figure 3D).
These data demonstrate that lncRNA GAS5 regulated PTEN by
competitively binding to miR-21.

Wnt/β-Catenin Pathway Was Stimulated
in IncRNA GAS5/miR-21/PTEN-Mediated
EMT
HG stimulation of HPMCs significantly increased cellular
expression of Wnt3a and β-catenin (Figure 4A). Compared
with HG group, lncRNA GAS5 overexpression decreased the
levels of Wnt3a and β-catenin (Figure 4B), while lncRNA
GAS5 siRNA significantly increased the levels of Wnt3a and
β-catenin (Figure 4C). In addition, immunofluorescence
staining demonstrated that an increase of nuclear
β-catenin accumulation was evident in HG-induced HPMCs
EMT, lncRNA GAS5 overexpression attenuated β-catenin
nuclear localization and lncRNA GAS5 siRNA aggravated
nuclear localization (Figure 4D). These data demonstrate
that the Wnt/β-catenin pathway was involved in lncRNA
GAS5-mediated EMT in HPMCs.
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FIGURE 5 | lncRNA GAS5/miR-21/PTEN regulated HPMCs EMT via Wnt/β-catenin pathway.

To confirm that the Wnt/β-catenin pathway was stimulated
in lncRNA GAS5/miR-21/PTEN-mediated EMT, rescue
experiments were performed. The levels of Wnt3a and β-catenin
were increased after lncRNA GAS5 siRNA transfection, but were
decreased following miR-21 inhibitor treatment, the expression
of Wnt3a and β-catenin showed no difference between GAS5
siRNA and GAS5 siRNA + NC miR-21 inhibitor groups
(Figure 4E). Additionally, when HPMCs were transfected with
lncRNA GAS5 siRNA and PTEN plasmid together, the increased
expression of Wnt3a and β-catenin was significantly reversed
(Figure 4F). These data demonstrate that wnt/β-catenin pathway
was stimulated in lncRNA GAS5/miR-21/PTEN-mediated EMT.

DISCUSSION

Compared with traditional hemodialysis, PD can better protect
residual renal function, maintain a stable internal environment,
reduce the negative impact on the cardiovascular system, and
improve the prognosis of ESRD patients (Yáñez-Mó et al.,
2003). However, the low pH, high glucose, lactate, and glucose
degradation products of PD fluid cause chronic inflammation
and injury of HPMCs, eventually causing PF. Therefore, it is
scientifically and clinically valuable to explore the mechanism

of PF and find effective prevention and treatment measures.
High glucose PD fluid can cause peritoneal mesothelial cells
to lose their cellular characteristics such as loss of cell polarity
and adhesion, reduced expression of E-cadherin, transformation
into fibroblasts, enhanced migration and invasion ability, and
overexpression of α-SMA and Vimentin, which includes EMT of
HPMCs (Guo et al., 2018). As the initial and reversible step in the
PF process, EMT occurs in the early stages of PF and plays a key
role in PF (de Graaff et al., 2010).

Previous studies have shown that miR-21 targeting of PTEN
is important in the process of organ fibrosis (Zhou et al., 2017;
Zhang and Cui, 2018). The regulation of the miRNA-competing
endogenous RNA (ceRNA) network has become a research
focal point in recent years, including the regulation of miR-
21 specifically which plays a key role in peritoneal EMT (Yang
et al., 2018). Furthermore, the regulation of miRNAs by ceRNA
is currently receiving much attention. The lncRNA located
in the cytoplasm can function like ceRNA by competitively
binding to miRNA, absorbing it like a sponge, and blocking
the miRNA’s silencing of target mRNA (Fatica and Bozzoni,
2014). The latest research suggests that lncRNAs have a specific
expression profile in fibrotic tissues such as lung, kidney, liver,
heart, and peritoneum (Cao et al., 2013; Liu et al., 2015). Several
researchers revealed that lncRNA-AV310809, 6030408B16RIK,
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and AK089579 modulate peritoneal EMT (Wei et al., 2019;
Zhang et al., 2019; Wang Z. et al., 2020). However, the
specific role and related mechanisms of lncRNA in peritoneal
fibrosis remain unclear.

Our current study showed that lncRNA GAS5 attenuated
EMT of HPMCs. Further experiments showed that lncRNA
GAS5 regulated PTEN by competitively binding to miR-21,
which played an important role in the EMT process of HPMCs.
The association between lncRNA GAS5 and miR-21 has been
reported in many physiological and pathological processes,
including cardiac fibrosis (Tao et al., 2017), osteoarthritis (Song
et al., 2014), and cancer (Wang C. et al., 2020). For the first
time, we confirmed the interaction between lncRNA GAS5
and miR-21 in HPMCs, as miR-21 inhibitor treatment and
overexpression of PTEN in HPMCs blocked the effects of
GAS5 siRNA on EMT. Our study also confirmed that the
miR-21/PTEN axis might be partly involved in lncRNA GAS5-
mediated EMT of HPMCs.

Recent studies have found that the Wnt signaling pathway
plays a vital role in the process of organ fibrosis and
EMT; indeed, the Wnt/β-catenin signaling pathway has been
confirmed to participate in the occurrence of peritoneal
EMT (Yang et al., 2017; Akcora et al., 2018; Wang et al.,
2018). Studies have found that PTEN can regulate EMT by
reducing Wnt expression (Zhao et al., 2018), suggesting that
PTEN may interact with Wnt to regulate the progress of
peritoneal EMT. Our results confirmed that the Wnt/β-catenin
pathway was stimulated in lncRNA GAS5/miR-21/PTEN-
mediated EMT.

In conclusion, our study showed that high glucose caused
the reduction of lncRNA GAS5, which regulated PTEN through
competitively binding to miR-21, stimulated Wnt/β-catenin
pathway, and eventually lead to the occurrence of EMT in
HPMCs (Figure 5). The results of this study have important
implications for clarifying the mechanism of peritoneal EMT and
for exploring new predictive markers and therapeutic targets.
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