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Objective: To explore the regulatory mechanism of long non-coding RNAs (IncRNAS) in
the occurrence and development of epithelial-mesenchymal transition (EMT) in calcium
oxalate crystal-induced kidney injury.

Materials and Methods: Gene core technique was used to screen differentially
expressed INcCRNAs and mRNAs in HK-2 cells before and after calcium oxalate
monohydrate (COM) stimulation; differentially expressed mRBNAs were then analyzed
using GO and pathway analysis. The role of target IncRNA in EMT in renal tubular
epithelial cells induced by COM was further investigated by applying a series of in
vitro experiments.

Results: Four differentially expressed INncRNAs (ABCA9-AS1, SPANXA2-OTH,
RP11-955H22.1, and RP11-748C4.1) were up-regulated after 48h of COM
stimulation compared to the control group, where up-regulated expression of INCRNA
SPANXA2-OT1 was the most significant. Thus, INcCRNA SPANXA2-OT1 was further
examined. Interference INCRNA SPANXA2-OT1 reversed the down-regulation of
E-cadherin and Pan-ck, and up-regulated Vimentin and «-SMA induced by COM
stimulation. The application of miR204 inhibitor weakened the interference effect of
interfering RNA on IncRNA SPANXA2-OT1 and promoted the occurrence of EMT.
Moreover, the miR204 simulator alleviated the overexpression effect of IncRNA
SPANXA2-OT1 on COM-stimulated renal tubular epithelial cells and inhibited the
occurrence of EMT in renal tubular epithelial cells. Also, a dual-luciferase reporter assay
showed that miR-204 could bind to INcRNA SPANXA2-OT1 and Smad5, while INcRNA
SPANXA2-OT1 could inhibit cell proliferation and promote cell apoptosis.

Conclusion: The INncRNA SPANXA2-OT1 is involved in the occurrence and development
of EMT in renal tubular epithelial cells induced by crystalline kidney injury by adsorbing
miR-204 and up-regulating Smad5.

Keywords: crystalline kidney injury, epithelial-mesenchymal trans-differentiation, IncRNA SPANXA2-OT1, miR-
204, Smad5

Frontiers in Medicine | www.frontiersin.org

1 September 2021 | Volume 8 | Article 719980


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.719980
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.719980&domain=pdf&date_stamp=2021-09-27
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:drguozhiyong@163.com
https://doi.org/10.3389/fmed.2021.719980
https://www.frontiersin.org/articles/10.3389/fmed.2021.719980/full

Hu et al.

LncRNASPANXA2-OT1 Involved in Crystal Nephropathy

INTRODUCTION

The formation of renal stones and the exact mechanism related
to the renal stone injury are still unclear. Previous studies
have shown that epithelial-mesenchymal transition (EMT) is
an important initiation link of renal interstitial fibrosis (RIF)
and suggested that EMT has an important role in renal tissue
damage repair (1, 2). Our previous studies also indicated that
EMT occurs in renal tubular epithelial cells at the initial stage
of renal stone formation or the stage of crystallize-induced renal
injury, triggering the process of renal fibrosis (3, 4). However,
the molecular mechanism of EMT triggered by crystalline renal
injury is still not fully understood.

Long non-coding RNA (IncRNAs) are a type of non-coding
RNAs that can regulate gene expression (5-8) and have important
roles in various cancers. Recent studies have suggested an
association between IncRNA and tumor invasion and migration
(type III EMT) (9-11). Moreover, IncRNAs have been shown
to have a critical role in the process of organ fibrosis (12, 13).
We speculated that IncRNA might also have a very important
regulatory role in the occurrence and development of type
II EMT in the early stage of renal fibrosis. In this study,
we examined the regulatory mechanism of IncRNAs in the
occurrence and development of EMT in calcium oxalate crystal
kidney injury.

MATERIALS AND METHODS

Cell Culture and Treatment

Cell culture and treatment were performed as previously
described (4, 14). HK-2 cells were cultured in DMEM/F12
(HyClone) containing 10% fetal bovine serum (FBS, Gibco),
100 U/ml penicillin, and 100 pg/ml streptomycin, in 5% carbon
dioxide at a temperature of 37°C. Cells were then exposed
to calcium oxalate monohydrate (COM; 200 g/ml, Sigma,
USA) for 48h. Calcium oxalate monohydrate crystals were
sterilized by heating overnight at 180°C as previously described
(15). The used renal tubular epithelial cells (HK-2) were
cryopreserved by our laboratory for early passage. Interfering
RNA, overexpression virus, miRNA-inhibitor, miRNA-mimics
dual fluorescein reporter gene plasmids were all purchased from
Jiman Biological Co., Ltd. (Shanghai).

Microarray Hybridization and Data Analysis
Arraystar Human LncRNA Microarray V4.0 is designed
for the global profiling of human IncRNAs and protein-
coding transcripts. Agilent Feature Extraction software (version
11.0.1.1) was used to analyze acquired array images. Quantile
normalization and subsequent data processing were performed
using the GeneSpring GX v12.1 software package (Agilent
Technologies). Differentially expressed IncRNAs and mRNAs
between the two samples were identified through Fold Change

Abbreviations: IncRNAs, long non-coding RNAs; EMT, epithelial-mesenchymal
transition; COM, calcium oxalate monohydrate; RIF, renal interstitial fibrosis;
qRT-PCR, quantitative real-time polymerase chain reaction; SDS-PAGE, sulfate-
polyacrylamide gel electrophoresis; CCK-8, cell counting kit-8; OD, optical
density; WT, wild-type; MT, mutant.

filtering. Pathway analysis and GO analysis were applied to
determine the role of differentially expressed mRNAs in these
biological pathways or GO terms. The genome expression profile
chip, the chip hybridization map, and the chip data analysis were
completed by Shanghai Kangcheng Biological Co., Ltd.

Quantitative Real-Time Polymerase Chain

Reaction

Real-time polymerase chain reaction (RT-PCR) was performed
as previously described (14). Briefly, total RNA from HK-2 cells
was extracted with trizol and then reverse-transcribed using a
kit. Real-time PCR was performed using the StepOnePlus™ RT-
PCR System (Applied Biosystems) with TagMan SYBR Green.
All reagents for quantitative real-time polymerase chain reaction
(qQRT-PCR) were obtained from TaKaRa, Bio group, and utilized
according to the manufacturer’s protocol. The primer sequences
are shown in Supplementary Table 1.

Immunofluorescence

Immunofluorescence was performed as previously described
(16). Cells were cultured on coverslips overnight and fixed with
4% paraformaldehyde for 20 min at room temperature. Samples
were then incubated with 0.3% Triton X-100 for 10 min and
blocked for 2h with the blocking solution (Beyotime), after
which cells were probed overnight at 4°C with a diluted primary
antibody, followed by a secondary antibody for 2 h. The primary
antibodies used were: a mouse monoclonal antibody for Pan-
ck (1:300, Abcam), Vimentin (1:150, Santa Cruz), and rabbit
polyclonal antibody against E-cadherin (1:100, Abcam), a-SMA
(1:100, Abcam), and Smad5 (1:100, Abcam); the secondary
antibodies used were Alexa 488-conjugated anti-mouse IgG
(Invitrogen, Carlsbad, CA) and Alexa 594-conjugated anti-rabbit
IgG (Invitrogen, Carlsbad, CA).

Western Blot

Western blot was performed as previously described (14). Total
proteins were extracted from HK-2 cells using RIPA lysis buffer
(Beyotime, Haimen China) and separated by 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The protein lysates were transferred onto a 0.22-pm PVDF
membrane (Millipore). After blocking in 5% non-fat milk at
room temperature for 2h, the membranes were incubated
with primary antibodies specific for E-cadherin (Abcam), a-
SMA (Abcam), Vimentin (Santa Cruz), Pan-ck (Abcam), Smad5
(Abcam), and GAPDH (Cell signaling) at 4°C overnight. After
three washes, the blots were incubated with IRDye 700/800-
conjugated secondary antibodies. The results were visualized and
analyzed using an Odyssey infrared scanner.

Dual-Luciferase Reporter Assay

HK-2 cells were seeded in a 6-well plate (1.0 x 10° cells/well)
and incubated for 48 h. Next, cells were transfected with pGL3-
SPANXA2-OT-1 WT, pGL3-SPANXA2-OT-1 MT, pGL3-Smad5-
3'UTR WT, or pGL3-Smad5-3 UTR MT vectors together with
miR-204-5p or miR-NC. After 48h, the cells were harvested
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and subjected to the luciferase reporter assay using the Dual-
Luciferase Reporter Assay System (Promega) according to
manufacturer’s instructions.

Cell Proliferation Assay (CCK-8)

Cell proliferation was assessed using a cell counting kit-8 (CCK-8,
Dojindo Laboratories) according to the protocols supplied by the
manufacturer. Briefly, HK-2 cells were plated in 96 well plates (8
x 10% cells/well) and incubated overnight. Then, the cell medium
was replaced with DMEM/F12 with or without COM (200 pg/
ml), and cells were incubated for 12, 24, and 48 h. At each time
point, 10 pl of sterile CCK-8 reagent was added to each well and
incubated for another 2h at 37°C. The optical density (OD) of
each well was measured at 450 nm to calculate the number of
living cells using a multimode reader (BioTek). Each experiment
was run in triplicate.

TUNEL Assay

The cells cultured in 24-well plates were washed with PBS 3
times and fixed with 4% paraformaldehyde for 30 min. After
washing once with PBS, samples were incubated with 0.5%
Triton X-100 PBS at room temperature for 10 min. After washing
with PBS three times, the TUNEL detection solution containing
TdT enzyme and fluorescent labeling solution was added, and
the samples were incubated at 37°C for 1h in dark. Then,
samples were washed with 0.5% Triton X-100 PBS three times
and stained with DAPI at room temperature for 10 min in
dark. Consequently, samples were washed with 0.5% Triton
X-100 PBS three times before; the bottom of the wells was
washed with distilled water. The cell sliver was then collected
and fixed on the slide with anti-fluorescence quenching sealing
solution. After sealing, the samples were analyzed under a
fluorescence microscope.
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FIGURE 1 | (A,B) Cell morphology before and after COM stimulation [control group (A) vs. COM group (B); 400 x]. (C) Cluster analysis of IncRNAs. (D) Cluster
analysis of mRNAs. (E) The biological function of differentially up-regulated mRNA. (F) The enrichment analysis of the main pathway corresponding to the
up-regulated genes. A p < 0.05 indicates that the difference is statistically significant. The red bands represent relatively high expression levels, and the green bands
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Statistical Analysis

SPSS17.0 statistical software was used to process the data, and
GraphPad Prism 5.0 software was used to make the images.
For the normal distribution, ANOVA analysis was used; for
non-normal distribution, a non-parametric statistical method
was applied (H-test). A p-value of < 0.05 was considered
statistically significant.

RESULTS

HK-2 Cells Stimulated Using Calcium

Oxalate Monohydrate

In control group, the cells had full fusiform shape, while in COM
group, the HK-2 cells changed from a full fusiform shape to a
thin and long strip shape, there were many crystals attached to
the surface of the cell. At the same time, the number of cells was
significantly reduced (Figures 1A,B).

GeneChip Analysis of HK-2 Cells Before
and After Calcium Oxalate Monohydrate

Stimulation

Cluster Analysis of IncRNA and mRNA Chip

Different IncRNAs and mRNAs were screened in HK-2 cells
treated with COM stimulation after 48h. A total of 197
differentially up-regulated and 501 differentially down-regulated
IncRNAs were detected by cluster analysis heatmap. Meanwhile,
80 differentially up-regulated mRNAs and 148 differentially
down-regulated mRNAs were screened by bio-enrichment
analysis (Figures 1C,D).

Differential mMRNAs Were Analyzed by GO and KEGG
Pathway

GO analysis of differentially expressed mRNAs showed that
HK-2 cells were more active in migration, cell proliferation
regulation, cell differentiation, and intercellular recognition after
COM stimulation (Figure 1E). Furthermore, the KEGG pathway
enrichment analysis showed that the expression of laminin
and fibronectin was significantly up-regulated in the signaling
pathways related to the interaction between extracellular matrix

LncRNAs Analysis of Differential

Expression

According to the sources of the differentially up-regulated
IncRNAs (Refseq, UCSC known genes, Gencode) and fold change
>2, eight up-regulated IncRNAs were screened, as shown in
Table 1.

Target IncRNA SPANXA2-0OTH1

Four differentially expressed IncRNAs were screened by RT-
PCR, namely ABCA9-ASI1, SPANXA2-OT1, RP11-955H22.1,
and RP11-748C4.1. The results of RT-PCR showed that the
expression of these four IncRNAs was up-regulated after 48h
of COM stimulation compared to the control group, and
the up-regulated expression of SPANXA2-OT1 was the most
significant (p < 0.0001, Figure2A). These results suggested
that IncRNA SPANXA2-OT1 is responsible for the occurrence
and development of EMT caused by calcium oxalate crystal
kidney injury; thus, this IncRNA was taken as the target
IncRNA for subsequent functional verification and preliminary
mechanism exploration.

The Expression of SPANXA2-OT1 in HK-2
Cells After Different COM Concentrations

and Different Times Stimulation

The expression of SPANXA2-OT1 increased in the first 48h
after COM stimulation in a dose-dependent and time-dependent
manner; yet, no statistical difference was observed in the
expression of IncRNA after stimulation with 200 and 300 pg/ml
COM for 48h. As the expression of SPANXA2-OT1 started to
decrease after 48 h (Figure 2B), a 48 h stimulation with a COM
concentration of 200 pLg/ml was selected for the next experiment.

Using Interventional Assay to Verify the
Involvement of IncRNA SPANXA2-0OT1 in
the Occurrence of EMT in HK-2 Cells
Induced by Crystal Kidney Injury

Three small interfering RNAs were designed, and the small
interfering RNA with the highest interference efficiency of
IncRNA SPANXA2-OT1 was selected by RT-PCR for subsequent
experiments (Figure 2C). Western blot and immunofluorescence
were applied to detect the expressions of epithelial phenotypic

receptors in HK-2 cells after COM stimulation (Figure 1F). markers (Pan-ck and E-cadherin) and markers
TABLE 1 | LncRNAs up-regulated in the COM group compared with the control group.

Gene symbol Seq name p-value FDR Fold change Regulation Type
ABCA9-AS1 NR_126414 0.010194086 0.198432673 3.0315399 Up Non-coding
LOC105667213 NR_131768 0.029169914 0.300753128 2.9038507 Up Non-coding
SPANXA2-OT1 NR_037183 0.033326824 0.308559486 25742044 Up Non-coding
RP11-955H22.1 ENST00000536330 0.000583373 0.089535377 2.2445738 Up Non-coding
RP11-748C4.1 ENST00000532735 0.037944481 0.322917618 2.1281075 Up Non-coding
AC104135.3 ENST00000435984 0.00113302 0.097207568 2.0381036 Up Non-coding
LINCO1291 NR_125792 0.001082149 0.094140318 2.0258946 Up Non-coding
CTD-2130F23.1 ENST00000506429 0.010892477 0.202846548 2.0228507 Up Non-coding
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& RP11-955H22.1
I RP11-748C4.1
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200ug/mi(COM)
300ug/ml(COM)

FIGURE 2 | (A) Relative expression of IncRNAs in the two groups. NC, control group; COM, calcium oxalate monohydrate stimulated group; *p < 0.05, *p < 0.01,
***n < 0.0001. (B) The expression of LncRNA SPANXA2-OT1 in HK-2 cells (exposed to different COM concentrations and different stimulation times).***p < 0.001 vs.
0 pg/ml (COM) group, ##p < 0.01 vs. 100 ug/ml (COM) group, ###p < 0.001 vs. 100 g/ml (COM) group, 22p < 0.01 vs. 200 wg/ml (COM) group, 222p < 0.001
vs. 200 ug/ml (COM). (C) Verification of the efficiency of interference RNA; control group (NC), interference group 1 (SPAN si1), interference group 2 (SPAN si2), and
interference group3 (SPAN si3). “p < 0.05 vs. NC group, “**p < 0.0001 vs. NC group.

1.5

relative expression

SPANXA2-0OT1

(Vimentin and a-SMA) in each group. The results showed that
the expression of epithelial marker E-cadherin and Pan-ck was
decreased in the negative interference model group (siNC +
COM) after calcium oxalate stimulation compared with the
negative interference control group (siNC), while the expression
of stromal marker Vimentin and a-SMA was up-regulated.
Compared with the negative interference model group, epithelial
marker E-cadherin and Pan-ck were up-regulated, and the
expression of stromal marker Vimentin and «-SMA was
decreased in the interference model group (SPAN si + COM),
which was close to the negative interference control group
(Figure 3).

Using Bioinformatics Analysis to Screen
the miRNA and mRNA that Could Bind to
IncRNA SPANXA2-0OT1

Next, we used bioinformatics analysis to predict the miRNAs that
could bind to IncRNA SPANXA2-OT1. The results showed that

miR-133, miR-9, miR-204, miR-214, miR-216, miR-338, miR-375,
miR-214, miR-93, miR-153, miR-194, miR-196, miR-203, and
miR-383 could bind to the IncRNA in the corresponding regions.
Among them, miR-9, miR-203, and miR-214 were associated
with the promotion of EMT, while miR-194, miR-153, miR-204,
miR-338, and miR-375 were associated with its inhibition. MiR-
204 and miR-194 were found to be miRNAs with high renal
specificity (17). Thus, miR-204 and miR-194 were selected for
further analysis.

The most classical signaling pathway involved in renal fibrosis
is TGF-/Smads signaling pathway, and almost every member of
the Smad protein family has been reported to be involved in the
occurrence of certain organ fibrosis (18-21). Therefore, we used
bioinformatics to predict whether the target miRNA could bind
to each Smad protein, finding that miR-204 could bind to Smad5
(Figure 4A). We used RT-PCR to detect the expression of Smad5
in HK-2 cells before and after COM stimulation for 48 h. The
results indicated that the expression of Smad5 was significantly
up-regulated after COM stimulation, as shown in Figure 4B.
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FIGURE 3 | (A) Expression of E-cadherin, Vimentin, Pan-ck, and «-SMA in each group [(a), Western blot; (b), Western blot semi-quantitative]. siNC. negative
interference control group; siNC 4+ COM. negative interference model group; SPAN si + COM. interference model group (after small interfering RNA interferes with
INcRNA SPANXA2-OT1). *p < 0.05 vs. siNC group, **p < 0.001 vs. siNC group, ##p < 0.01 vs. SPAN si + COM group, ###p < 0.001 vs. SPAN si + COM group.
(B) Immunofluorescence staining results of cells in each group (E-cadherin, green; DAPI, blue; 200 x). siNC, negative interference control group; siNC + COM,
negative interference model group; SPAN si + COM, interference model group (after small interfering RNA interferes with INcCRNA SPANXA2-OT1). (C)
Immunofluorescence staining results of cells in the group (vimentin, green; DAPI, blue; 200 x). siNC, negative interference control group; siNC + COM, negative
interference model group; SPAN si + COM, interference model group (after small interfering RNA interferes with INcRNA SPANXA2-OT1). (D) Immunofluorescence
staining results of each group (Pan-ck, green; a-SMA, red; DAPI, blue; 200x). siNC, negative interference control group; siNC 4+ COM, negative interference model
group; SPAN si + COM, interference model group (after small interfering RNA interferes with INcCRNA SPANXA2-OT1).

A B

3_

miRNA combined with LncRNA SPANXA2-OT1 c

o

2
o 2

S

o

miR-194 -]

2
miR204-Smad5 |iterature literature 'ﬁ T

°

S

literature Inhibit EMT Promote EMT

0-

High expression of
miRNA in renal
tissue

&

miRcode

Smad5

FIGURE 4 | (A) Prediction of miRNA and mRNA that can bind to INcRNA SPANXA2-OT1. (B) The relative expression level of Smad5, NC, normal control group; COM,
calcium oxalate monohydrate stimulated group, **p < 0.01 vs. NC group.
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Therefore, we further selected miR-204 and Smad5 as the focus
of our next mechanism study.

The Role of miR-204 and Smad5 in

Regulating the Occurrence of EMT

Using Small Interfering RNAs and miR-204 Inhibitors
to Verify Whether Smad5 Was Involved in Regulating
the Occurrence of EMT

Before the experiment, we verified the inhibition efficiency
of the miR-204 inhibitor by RT-PCR (Figure 5Aa). We used
Western blot and immunofluorescence to detect the expression
of Smad5 and the changes of EMT-related markers in each
group after the addition of the miR-204 inhibitor. The
results showed that the expressions of Smad5, Vimentin,

and o-SMA proteins were significantly up-regulated in the
negative interference model group compared with the negative
interference control group, while the expressions of E-cadherin
and Pan-ck were down-regulated (all P < 0.05). In addition,
the expressions of Smad5, Vimentin, a-SMA, E-cadherin, and
Pan-ck in the interference model group were close to those
of the negative interference control group, while Smad5,
Vimentin, a-SMA expressions of the inhibition group with
miR-204 inhibitor were up-regulated and E-cadherin and
Pan-ck expressions were down-regulated compared with the
interference model group (all P < 0.05). These data suggested
that the miR-204 inhibitor could alleviate the interference
effect of small interfering RNA on IncRNA SPANXA2-OT1,
increase the expression of Smad5, and promote the occurrence
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FIGURE 5 | (A) Verification of the inhibition efficiency of miR-204 inhibitor [(a) NC, normal control group; miR-204 inhibitor, miR204 inhibition group; **p < 0.0001 vs.
NC group]; Relative expression levels of each protein in each group [(b) Western blot, (c) Western blot semi-quantitative]. siNC, negative interference control group;
siNC + COM, negative interference model group; SPAN si + COM, interference model group; SPAN si + COM + in, inhibition group. *o < 0.05 vs. siNC group, *p <
0.01 vs. siNC group, ***p < 0.001 vs. siNC group, #p < 0.05 vs. sINC + COM group, ##p < 0.01 vs. siNC + COM group, ###p < 0.001 vs. siNC + COM group,
AAp < 0.01 vs. SPAN si+COM group, #44p < 0.001 vs. SPAN si+COM group. (B) Results of Immunofluorescence staining cells in each group (Pan-ck, green;
a-SMA, red; 200x). siNC, negative interference control group; siNC + COM, negative interference model group; SPAN si + COM, interference model group; SPAN si
+ COM + in, inhibition model group. (C) Results of immunofluorescence staining cells in each group (Vimentin, green; DAPI, blue; 200x). siNC, negative interference
control group; siNC + COM, negative interference model group; SPAN si + COM, interference model group; SPAN si + COM + in, inhibition group. (D) Results of
immunofluorescence staining cells in each group (Smadb, red; DAPI, blue; 200x). siNC, negative interference control group; siNC + COM, negative interference model
group; SPAN si + COM, interference model group; SPAN si + COM +- in, inhibition group.
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and development of EMT in renal tubular epithelial cells
(Figures 5Ab-D).

LncRNA Overexpressed Virus and miR-204 Simulant
to Verify Whether Smad5 Is Involved in Regulation of
EMT
Real-time polymerase chain reaction was used to verify the stable
transfection efficiency of IncRNA SPANXA2-OT1 overexpressed
viruses and the simulation efficiency of miR204 simulant. The
results showed that the expression level of IncRNA SPANXA2-
OT1 in SPAN group was significantly increased compared with
the normal control group and the null virus control group, and
the expression of miR-204 in cells after adding miR-204 mimics
agent significantly increased compared with the normal control
group (all P < 0.05), suggesting that IncRNA SPANXA2-OT1
overexpression virus stably transfected HK-2 cells successfully,
and miR-204 mimics can effectively increase the expression of
miR-204 in cells, as shown in Figure 6A.

Next, we used RT-PCR and Western blot to detect the
expression of Smad5 and the changes of EMT-related markers
in each group after the addition of miR-204 mimics. The

results showed that the expression of Pan-ck was down-regulated
in the null virus model group compared with the null virus
control group, while the expressions of Smad5 and a-SMA were
significantly up-regulated (all P < 0.05). However, the expression
levels of Pan-ck and Smad5 have no statistical difference between
the overexpressed IncRNA SPANXA2-OT1 model group and the
null virus model group (all P > 0.05). In the simulation group,
after the addition of miR-204 mimics, the expression levels of
Pan-ck, a-SMA, and Smad5 were between the null virus control
group and the overexpressed model group, and close to the
null virus control group, suggesting that miR-204 could inhibit
the expression of Smad5 and alleviate the development of EMT
(Figures 6B,C).

Double Luciferase Reporter Gene Assay

In order to further verify whether IncRNA SPANXA2-OT1
and Smad5 could bind to miR-204, a firefly-sea kidney dual-
luciferase reporter gene assay was performed. The results showed
that the transfection of miR-204-5p mimics could significantly
reduce the luciferase activity of firefly carrying wild-type (WT)
SPANXA2-OT1 plasmid but not the luciferase activity of firefly

Luc

H_SPANXA2-OT1-WT 5’ CAAGAACCAGTGTCAAAGGGAT 3’
LT
hsa-miR-204-5p 3’ TCCGTATCCTACTGTTTCCCIT 5’

H_SPANXA2-OT1-MT 5’  CAAGAACCAGTGTCCCCTTTCT 3’

FIGURE 7 | Double luciferase reporter gene assay. (A) Luciferase activity of 293 cells con-transfected with mimics NC, miR-204-5p, (WT) SPANXA2-OT1 and mimics
NC, (WT) SPANXA2-OT1 and miR-204-5p, (MT) SPANXA2-OT1 and mimics NC, (MT) SPANXA2-OT1 and miR-204-5p for 48 h. **p = 0.0008 vs. (WT)
SPANXA2-OT1 and mimics NC. (B) Luciferase activity of 293 cells con-transfected with mimics NC, miR-204-5p, (WT) SMAD5 and mimics NC, (WT) SMAD5 and
miR-204-5p, (MT) SMAD5 and mimics NC, (MT) SMAD5 and miR-204-5p for 48 h. **p = 0.0079 vs. (WT) SMAD5 and mimics NC. (C) The binding sites of the
wild-type INcRNA SPANXA2-OT1 and miR-204. (D) The binding sites of the wild-type Smad5 and miR-204.

1.5+
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AR
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carrying miR-204-5p binding site mutant (MT) SPANXA2-OT1
plasmid (***p = 0.0008, as shown in Figure 7A). Similarly, the
transfection of miR-204-5p mimics significantly reduced the
luciferase activity of firemes carrying WT Smad5 plasmid but not
the luciferase activity of firemes carrying miR-204-5p binding site
MT Smad5 plasmid (**p = 0.0079, as shown in Figure 7B). The
binding sites of the WT IncRNA SPANXA2-OT1 and miR-204
are shown in Figure 7C, and the binding sites of the WT Smad5
and miR-204 are shown in Figure 7D.

Cell Proliferation and Apoptosis

Experiments

In order to further explore whether IncRNA SPANXA2-
OT1 could affect the occurrence of EMT by regulating the
proliferation and apoptosis of HK-2 cells, we further improved
the cell proliferation assay of CCK-8 (Figures 8A,B) and detected
the apoptosis of cells in each group by TUNEL (Figures 8C,D).

CCK-8 Cell Proliferation Assay

The cell proliferation of the negative interference model group
stimulated by COM significantly decreased compared with the
negative interference control group, while the cell proliferation
of the interference model group was significantly more active
than that of the negative interference model group (P < 0.05)
(Figure 8A). In addition, the cell proliferation ability of the
IncRNA SPANXA2-OT1 overexpression group was significantly
lower than that of the null virus control group (P < 0.05)
(Figure 8B). These results suggested that IncRNA SPANXA2-
OT1 could inhibit cell proliferation.

TUNEL Apoptosis Assay

The degree of apoptosis in the negative interference model group
after calcium oxalate stimulation was higher than that in the
negative interference control group, while the degree of apoptosis
in the interference group decreased compared with the negative
interference model group and was close to that in the negative
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FIGURE 8 | (A) siNC, negative interference control group; siNC + COM, negative interference model group; SPAN si + COM, interference model group; *p < 0.05 vs.
siNC group, ***p < 0.0001 vs. siNC group, #p < 0.05 vs. siNC + COM group, ##p < 0.01 vs. siNC + COM group. (B) SPAN NC, null virus control group; SPAN NC
+ COM, null virus model group; SPAN + COM, overexpression model group; **p < 0.0001 vs. SPAN NC group, ###p < 0.0001 vs. SPAN NC group. (C) TUNEL
test results of each group (Tunel, green; DAPI, blue; 200 x). siNC, negative interference control group; siNC + COM, negative interference model group; SPAN si +
COM, interference model group. (D) TUNEL detection results of cells in each group (Tunel, green; DAPI, blue; 200 x). SPAN NC, null virus control group; SPAN NC +
COM, null virus model group; SPAN + COM, overexpression model group.
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interference control group (Figure 8C). In the overexpression
model group, the degree of apoptosis was increased compared
with the null virus control group and the null virus model
control group (Figure 8D). These data suggested that IncRNA
SPANXA2-OT1 could promote cell apoptosis.

DISCUSSION

Over recent years, obstructive nephropathy caused by urinary
calculi has become one of the common factors of chronic kidney
disease. Studies have found that the adhesion of urine crystals
to damaged renal tubular epithelial cells is an important link
in the formation of renal stones (22). In our previous study,
we discovered that EMT occurred in renal tubular epithelial
cells during crystalline nephropathy in the early stage of stone
formation, which initiated the process of renal fibrosis (3).
Progression of renal fibrosis to end-stage renal failure is a
multifactorial process. Although the early occurrence of EMT in
renal tubular epithelial cells has a limited impact on the final renal
fibrosis (23), the damage may be irreversible if the stimulating
factors are not eliminated or proper intervention measures are
not taken.

In this study, we examined the mechanism of EMT during
crystallinity nephropathy. We previously discovered that COM
could stimulate the occurrence of EMT in HK-2 cells (4).
Therefore, this model can be suitable for investigating EMT
occurrence in renal tubular epithelial cells during crystallinity
nephropathy. In this study, we used the same approach to
further explore differentially expressed IncRNAs after COM
stimulation. According to the sources of the differentially up-
regulated IncRNAs (Refseq, UCSC known genes, Gencode) and
fold change >2, eight up-regulated IncRNAs were screened. We
further found that IncRNA SPANXA2-OT1 was different in HK-
2 cells before and after COM stimulation for 48h. Next, we
examined whether this IncRNA was related to the occurrence and
development of EMT in renal tubule epithelial cells. In order to
verify the function of the screened IncRNA SPANXA2-OT1, we
designed several in vitro experiments.

A search of the Gene Database for relevant information on
IncRNA SPANXA2-OT1 showed that the IncRNA was located
on the X chromosome. Due to the special genetic way that
determines the X chromosome genes for certain pathological
physiology, the regulation function was passed on to the next
generation in a particular manner that is influenced by gender,
which may explain the different incidence of kidney stones in
male and female patients (24, 25).

Next, we used bioinformatics technology to predict the
miRNA that could be adsorbed by this IncRNA. Sun et al.
previously reported that miR-192, miR-194, miR-204, miR-215,
and miR-216 in renal tissues are highly specific miRNAs (17).
We further selected miR-204 and miR-194 as targets. Previous
studies showed that miR-204 and miR-194 are involved in
the occurrence and development of tumor-related EMT. As
one of the microRNAs specifically highly expressed in the
kidney, miR-204 has various biological functions. Studies have
reported that miR-204-5p is involved in the occurrence and

development of fibrosis in various tissues and organs and has
different roles under different physiological or pathological states
(26, 27). It has also been shown that miR-204-5p can regulate
epithelial-mesenchymal transformation after acute renal injury
induced by ischemia-reperfusion by targeting SP1 in the renal
tubular epithelial cells (28). A TGF-B/Smads signaling pathway
is considered the most classical signaling pathway involved in
renal fibrosis; almost all members of the Smad protein family are
involved in some organ fibrosis occurrence (18-21). Therefore,
in the present study, we used an online bioinformatics website
to predict whether the target miRNA could bind to various
Smad proteins. The results suggested that miR-204 could bind to
Smad5. Previous studies have shown that Smad5 can be activated
by the adsorption of miR-124-3p by HOXA11-AS and then
participate in the generation of keloids (29). Some studies have
also shown that it is involved in the occurrence and development
of liver fibrosis (30).

To further verify whether miR-204 and Smad5 are involved
in the occurrence and development of EMT in HK-2 cells
stimulated by COM by IncRNA SPANXA2-OT1, we used
small interfering RNAs and overexpressed viruses, as well as
miR-204 inhibitors and simulators. The results showed that
miR-204 inhibitor could partially eliminate the inhibitory
effect on the occurrence and development of EMT caused by
the down-regulation of IncRNA SPANXA2-OT1, promoting
EMT, and increasing the expression of Smad5. This result
was also confirmed by overexpression experiments. The
reporter gene assay confirmed that both the WT IncRNA
SPANXA2-OT1 and the WT Smad5 could bind to miR-
204. In addition, our functional experiments suggested
that IncRNA SPANXA2-OT1 also had a certain degree of
influence on the proliferation and apoptosis of HK-2 cells,
and that IncRNA could inhibit cell proliferation and promote
cell apoptosis.

In conclusion, our study suggested that IncRNA SPANXA2-
OT1 could adsorb miR-204 through sponge-like action, thereby
weakening the inhibitory effect of miR-204 on Smad5 and
up-regulating the expression of Smad5. This IncRNA could
also affect the proliferation and apoptosis of HK-2 cells, thus
promoting EMT. At the gene level, it provided a theoretical basis
for clinical prevention and treatment of the renal injury caused
by crystalline nephropathy, which in turn, could reduce the risk
of renal failure in patients with calculi. Future experimental
and clinical studies are needed to further verify the function of
IncRNA SPANXA2-OT1.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The authors are accountable for all aspects of the work
in ensuring that questions related to the accuracy or

Frontiers in Medicine | www.frontiersin.org

11

September 2021 | Volume 8 | Article 719980


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Hu et al.

LncRNASPANXA2-OT1 Involved in Crystal Nephropathy

integrity of any part of the work are appropriately
investigated and resolved. The trial was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by the Ethics Committee
of Changhai Hospital.

AUTHOR CONTRIBUTIONS

HH and JZ carried out the studies. HH drafted the manuscript.
YL participated in collecting data. JD and WC performed
the statistical analysis and participated in its design. ZG
guided the studies. All authors read and approved the
final manuscript.

REFERENCES

1. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implications
for fibrosis. J Clin Invest. (2003) 112:1776-84. doi: 10.1172/jci20530

2. Zeisberg M, Bonner G, Maeshima Y, Colorado P, Miiller GA, Strutz
E et al. Renal fibrosis: collagen composition and assembly regulates
epithelial-mesenchymal transdifferentiation. Am J Pathol. (2001) 159:1313-
21. doi: 10.1016/50002-9440(10)62518-7

3. Hu H, Chen W, Ding J, Jia M, Yin J, Guo Z. Fasudil prevents calcium oxalate
crystal deposit and renal fibrogenesis in glyoxylate-induced nephrolithic mice.
Exp Mol Pathol. (2015) 98:277-85. doi: 10.1016/j.yexmp.2015.02.006

4. Zhang C, Yuan J, Hu H, Chen W, Liu M, Zhang J, et al. Long non-coding
RNA CHCHD4P4 promotes epithelial-mesenchymal transition and inhibits
cell proliferation in calcium oxalate-induced kidney damage. Braz ] Med Biol
Res. (2017) 51:e6536. doi: 10.1590/1414-431x20176536

5. Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs. Mol
Cell. (2011) 43:904-14. doi: 10.1016/j.molcel.2011.08.018

6. Wang X, Arai S, Song X, Reichart D, Du K, Pascual G, et al. Induced ncRNAs
allosterically modify RNA-binding proteins in cis to inhibit transcription.
Nature. (2008) 454:126-30. doi: 10.1038/nature06992

7. Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT. Polycomb proteins targeted by
a short repeat RNA to the mouse X chromosome. Science. (2008) 322:750-
6. doi: 10.1126/science.1163045

8. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP, A. ceRNA hypothesis:
the Rosetta stone of a hidden RNA language? Cell. (2011) 146:353-
8. doi: 10.1016/j.cell.2011.07.014

9. Xiao J, Tang J, Chen Q, Tang D, Liu M, Luo M, et al. miR-429
regulates alveolar macrophage inflammatory cytokine production and is
involved in LPS-induced acute lung injury. Biochem J. (2015) 471:281-
91. doi: 10.1042/bj20131510

10. Lang R, Hammer M, Mages J]. DUSP meet immunology: dual specificity
MAPK phosphatases in control of the inflammatory response. J Immunol.
(2006) 177:7497-504. doi: 10.4049/jimmunol.177.11.7497

11. Yuan JH, Yang E Wang E Ma JZ, Guo Y], Tao QF et al. A
long noncoding RNA activated by TGEF-B promotes the invasion-
metastasis cascade in hepatocellular carcinoma. Cancer Cell. (2014)
25:666-81. doi: 10.1016/j.ccr.2014.03.010

12. HuangC, Yang Y, Liu L. Interaction of long noncoding RNAs and microRNAs
in the pathogenesis of idiopathic pulmonary fibrosis. Physiol Genomics. (2015)
47:463-9. doi: 10.1152/physiolgenomics.00064.2015

13. Zhu D, Pan C, Li L, Bian Z, Lv Z, Shi L, et al. MicroRNA-
17/20a/106a modulate macrophage inflammatory responses through
targeting signal-regulatory protein «. J Allergy Clin Immunol. (2013)
132:426.e8-436.¢8. doi: 10.1016/j.jaci.2013.02.005

14. Li Y, Yan G, Zhang J, Chen W, Ding T, Yin Y, et al. LncRNA HOXA11-AS
regulates calcium oxalate crystal-induced renal inflammation via miR-124-
3p/MCP-1. ] Cell Mol Med. (2020) 24:238-49. doi: 10.1111/jcmm.14706

FUNDING

This study was supported by the National Natural Science
Foundation of China (grant numbers 81600521, 81770763,
and 82070692) and the Subject Climbing Project of Changhai
Hospital (grant number 2019YXK043). The funders had no role
in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.719980/full#supplementary-material

15. Wang S, Du P, Zhang N, Liu J, Tang X, Zhao Q, et al. Oligomeric
proanthocyanidins protect against HK-2 cell injury induced by oxalate
and calcium oxalate monohydrate crystals. Urolithiasis. (2016) 44:203-
10. doi: 10.1007/500240-015-0826-9

16. Zhang L, Yang E, Yuan JH, Yuan SX, Zhou WP, Huo XS, et al. Epigenetic
activation of the MiR-200 family contributes to H19-mediated metastasis
suppression in hepatocellular carcinoma. Carcinogenesis. (2013) 34:577-
86. doi: 10.1093/carcin/bgs381

17. Sun Y, Koo S, White N, Peralta E, Esau C, Dean NM, et al. Development
of a micro-array to detect human and mouse microRNAs and
characterization of expression in human organs. Nucleic Acids Res. (2004)
32:e188. doi: 10.1093/nar/gnh186

18. Zhu HJ, Burgess AW. Regulation of transforming
factor-beta  signaling. Mol  Cell Biol Res Commun.
4:321-30. doi: 10.1006/mcbr.2001.0301

19. Singh P, Wig JD, Srinivasan R. The Smad family and its role in pancreatic
cancer. Indian ] Cancer. (2011) 48:351-60. doi: 10.4103/0019-509x.84939

20. Chi L, Xiao Y, Zhu L, Zhang M, Xu B, Xia H, et al. microRNA-
155 attenuates profibrotic effects of transforming growth factor-beta on
human lung fibroblasts. J Biol Regul Homeost Agents. (2019) 33:1415-
24. doi: 10.23812/19-41a

21. Wei§, Wang Q, Zhou H, QiuJ, Li C, Shi C, et al. miR-455-3p Alleviates hepatic
stellate cell activation and liver fibrosis by suppressing HSF1 expression. Mol
Ther Nucleic Acids. (2019) 16:758-69. doi: 10.1016/j.omtn.2019.05.001

22. Ma MC, Chen YS, Huang HS. Erythrocyte oxidative stress in patients with
calcium oxalate stones correlates with stone size and renal tubular damage.
Urology. (2014) 83:510.e9-17. doi: 10.1016/j.urology.2013.09.050

23. Kuppe C, Ibrahim MM, Kranz J, Zhang X, Ziegler S, Perales-Paton J, et al.
Decoding myofibroblast origins in human kidney fibrosis. Nature. (2021)
589:281-6. doi: 10.1038/541586-020-2941-1

24. Yoshida O, Terai A, Ohkawa T, Okada Y. National trend of the incidence
of urolithiasis in Japan from 1965 to 1995. Kidney Int. (1999) 56:1899-
904. doi: 10.1046/j.1523-1755.1999.00754.x

25. Taylor EN, Stampfer M], Curhan GC.
and the risk of nephrolithiasis. Kidney Int.
5. doi: 10.1111/j.1523-1755.2005.00516.x

26. Courboulin A, Paulin R, Giguére NJ, Saksouk N, Perreault T,
Meloche J, et al. Role for miR-204 in human pulmonary arterial
hypertension. ] Exp Med. (2011) 208:535-48. doi: 10.1084/jem.
20101812

27. Liu T, Zou XZ, Huang N, Ge XY, Yao MZ, Liu H, et al. Down-
regulation of miR-204 attenuates endothelial-mesenchymal transition
by enhancing autophagy in hypoxia-induced pulmonary hypertension.
Eur ] Pharmacol. (2019) 863:172673. doi: 10.1016/j.ejphar.2019.
172673

28. Chen SJ, Wu P, Sun LJ, Zhou B, Niu W, Liu S, et al. miR-204 regulates
epithelial-mesenchymal transition by targeting SP1 in the tubular epithelial

growth
(2001)

mellitus
68:1230-

Diabetes
(2005)

Frontiers in Medicine | www.frontiersin.org

September 2021 | Volume 8 | Article 719980


https://www.frontiersin.org/articles/10.3389/fmed.2021.719980/full#supplementary-material
https://doi.org/10.1172/jci20530
https://doi.org/10.1016/s0002-9440(10)62518-7
https://doi.org/10.1016/j.yexmp.2015.02.006
https://doi.org/10.1590/1414-431x20176536
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1038/nature06992
https://doi.org/10.1126/science.1163045
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1042/bj20131510
https://doi.org/10.4049/jimmunol.177.11.7497
https://doi.org/10.1016/j.ccr.2014.03.010
https://doi.org/10.1152/physiolgenomics.00064.2015
https://doi.org/10.1016/j.jaci.2013.02.005
https://doi.org/10.1111/jcmm.14706
https://doi.org/10.1007/s00240-015-0826-9
https://doi.org/10.1093/carcin/bgs381
https://doi.org/10.1093/nar/gnh186
https://doi.org/10.1006/mcbr.2001.0301
https://doi.org/10.4103/0019-509x.84939
https://doi.org/10.23812/19-41a
https://doi.org/10.1016/j.omtn.2019.05.001
https://doi.org/10.1016/j.urology.2013.09.050
https://doi.org/10.1038/s41586-020-2941-1
https://doi.org/10.1046/j.1523-1755.1999.00754.x
https://doi.org/10.1111/j.1523-1755.2005.00516.x
https://doi.org/10.1084/jem.20101812
https://doi.org/10.1016/j.ejphar.2019.172673
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Hu et al.

LncRNASPANXA2-OT1 Involved in Crystal Nephropathy

cells after acute kidney injury induced by ischemia-reperfusion. Oncol Rep.
(2017) 37:1148-58. doi: 10.3892/0r.2016.5294

Jin J, Zhai HE, Jia ZH, Luo XH. Long non-coding RNA HOXA11-AS induces
type I collagen synthesis to stimulate keloid formation via sponging miR-
124-3p and activation of Smad>5 signaling. Am J Physiol Cell Physiol. (2019)
317:C1001-c10. doi: 10.1152/ajpcell.00319.2018

Wang CY, Xiao X, Bayer A, Xu Y, Dev S, Canali S, et al. Ablation of hepatocyte
Smad1, Smad5, and Smad8 causes severe tissue iron loading and liver fibrosis
in mice. Hepatology. (2019) 70:1986-2002. doi: 10.1002/hep.30780

29.

30.

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

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

Copyright © 2021 Hu, Zhang, Li, Ding, Chen and Guo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

13

September 2021 | Volume 8 | Article 719980


https://doi.org/10.3892/or.2016.5294
https://doi.org/10.1152/ajpcell.00319.2018
https://doi.org/10.1002/hep.30780
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	LncRNA SPANXA2-OT1 Participates in the Occurrence and Development of EMT in Calcium Oxalate Crystal-Induced Kidney Injury by Adsorbing miR-204 and Up-Regulating Smad5
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Microarray Hybridization and Data Analysis
	Quantitative Real-Time Polymerase Chain Reaction
	Immunofluorescence
	Western Blot
	Dual-Luciferase Reporter Assay
	Cell Proliferation Assay (CCK-8)
	TUNEL Assay
	Statistical Analysis

	Results
	HK-2 Cells Stimulated Using Calcium Oxalate Monohydrate
	GeneChip Analysis of HK-2 Cells Before and After Calcium Oxalate Monohydrate Stimulation
	Cluster Analysis of lncRNA and mRNA Chip
	Differential mRNAs Were Analyzed by GO and KEGG Pathway

	LncRNAs Analysis of Differential Expression
	Target lncRNA SPANXA2-OT1
	The Expression of SPANXA2-OT1 in HK-2 Cells After Different COM Concentrations and Different Times Stimulation
	Using Interventional Assay to Verify the Involvement of lncRNA SPANXA2-OT1 in the Occurrence of EMT in HK-2 Cells Induced by Crystal Kidney Injury
	Using Bioinformatics Analysis to Screen the miRNA and mRNA that Could Bind to lncRNA SPANXA2-OT1
	The Role of miR-204 and Smad5 in Regulating the Occurrence of EMT
	Using Small Interfering RNAs and miR-204 Inhibitors to Verify Whether Smad5 Was Involved in Regulating the Occurrence of EMT
	LncRNA Overexpressed Virus and miR-204 Simulant to Verify Whether Smad5 Is Involved in Regulation of EMT

	Double Luciferase Reporter Gene Assay
	Cell Proliferation and Apoptosis Experiments
	CCK-8 Cell Proliferation Assay
	TUNEL Apoptosis Assay


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


