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Acute kidney injury (AKI) is a severe kidney disease defined by partial or abrupt
loss of renal function. Emerging evidence indicates that non-coding RNAs (ncRNAs),
particularly long non-coding RNAs (lncRNAs), function as essential regulators in AKI
development. Here we aimed to explore the underlying molecular mechanism of
the lncRNA H19/miR-130a axis for the regulation of inflammation, proliferation, and
apoptosis in kidney epithelial cells. Human renal proximal tubular cells (HK-2) were
induced by hypoxia/reoxygenation to replicate the AKI model in vitro. After treatment,
the effects of LncRNA H19 and miR-130a on proliferation and apoptosis of HK-2 cells
were investigated by CCK-8 and flow cytometry. Meanwhile, the expressions of LncRNA
H19, miR-130a, and inflammatory cytokines were detected by qRT-PCR, western blot,
and ELISA assays. The results showed that downregulation of LncRNA H19 could
promote cell proliferation, inhibit cell apoptosis, and suppress multiple inflammatory
cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11 pathway.
Taken together, our findings indicated that LncRNA H19 and miR-130a might represent
novel therapeutic targets and early diagnostic biomarkers for the treatment of AKI.

Keywords: acute kidney injury (AKI), lncRNA H19, miR-130a, BCL2L11, renal tubular epithelial cells

INTRODUCTION

Acute kidney injury (AKI), characterized by persistent oliguria and elevated serum creatinine, is a
frequent complication accompanied by high mortality, long-term hospitalization, and decreased
kidney filtration function ability (Zafrani et al., 2016). Sepsis is a common cause of AKI, and
previous studies found that severe sepsis could result in 60% AKI incidence clinically (Gómez
and Kellum, 2016). The pathogenesis of sepsis-induced AKI includes inflammation, oxidative
stress, and tubular epithelial response (Zhao et al., 2016). Hypoxia, a common cause of AKI, may
contribute to tubular epithelial cell necrosis and immune responses (Potteti et al., 2016). Therefore,
elucidating the underlying mechanisms of AKI and exploring novel therapeutic targets or early
diagnostic biomarkers are important for the treatment of AKI.
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Long non-coding RNAs (LncRNAs) are a class of non-protein-
coding RNAs > 200 bp in length (Ye et al., 2020). LncRNAs
are previously reported to be regulators involved in multiple
cellular and disease progresses, including cell differentiation,
cell proliferation, and apoptosis (Jiang et al., 2015; Wang
et al., 2017; Villa et al., 2019). The abnormal expressions of
certain lncRNAs are found to be indicators of immune system
diseases (Atianand and Fitzgerald, 2014; Stachurska et al., 2014).
Moreover, LncRNAs are also reported to play a crucial regulatory
role in AKI (Yu et al., 2016; Ignarski et al., 2019). LncRNA H19,
first described in 1991, was found to be predominantly located
in extra embryonic tissues and the embryo proper (Poirier et al.,
1991; Zhou et al., 2019). Previous studies also indicated that
lncRNA H19 regulated tumor carcinogenesis, angiogenesis, and
metastasis. For example, Cao proved the functions of LncRNA
H19 in inflammation and endothelial cell injury (Cao et al., 2019).
Interestingly, dysregulation of LncRNA H19 was also found
in the embryonic renals of mice with maternal hyperglycemia
which may lead to kidney diseases (Lorenzen and Thum,
2016). Moreover, Xie showed that lncRNA-H19 expression was
significantly upregulated in TGF-β2-induced HK-2 cell fibrosis
and unilateral ureteral obstruction (UUO)-induced renal fibrosis
in vivo, indicating that H19 upregulation contributes to renal
fibrosis (Xie et al., 2016).

MicroRNAs (miRNAs) are approximately 22-nt endogenous
RNAs which play important regulatory roles in animals and
plants by targeting mRNAs for cleavage or translational
repression (Bartel, 2004). Emerging evidence shows that in
addition to LncRNAs, miRNAs also exert crucial functions by
regulating a lot of signaling pathways in various cell processes.
miR-130a, a member of the miR-130 family, has been reported
to regulate cell proliferation, apoptosis, and inflammation and
is related to renal diseases (Muralidharan et al., 2017; Li et al.,
2020). However, few studies have focused on LncRNA H19
and miR-130a expressions and their functions in modulating
AKI development.

Therefore, in the present study, we systematically investigated
the expressions and functions of LncRNA H19 and miR-130a
in vitro via the hypoxia-induced human renal proximal tubular
cell (HK-2) model. The results showed that downregulation
of LncRNA H19 could promote cell proliferation, inhibit
cell apoptosis, and suppress multiple inflammatory cytokine
expressions in HK-2 cells by modulating the miR-130a/BCL2L11
pathway. Our findings indicated that LncRNA H19 and miR-130a
might represent novel therapeutic targets and early diagnostic
biomarkers for the treatment of AKI.

MATERIALS AND METHODS

Cell Culture and Hypoxia/Reoxygenation
Treatment
The cells used in this study including human kidney epithelial cell
line HK-2 and human kidney cell line HEK-293 were purchased
from ATCC (American Type Culture Collection, United States).
Cells were cultured in RPMI 1640 Medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1%

penicillin–streptomycin (Sigma-Aldrich Inc., St. Louis, MO,
United States). The incubation conditions were at 37◦C, 5%
CO2, and humidified atmosphere. For hypoxia/reoxygenation
(H/R) treatment, HK-2 cells were cultured in a low glucose
concentration medium for 48 h, removed, washed with PBS
two times and inhaled pure oxygen (100% oxygen) for 15 min,
and placed in an airtight container with 95% N2 and 5% CO2
for 3 h, then reoxygenated (95% air and 5% CO2) with the
addition of fresh low glucose DMEM with 10% FBS at 37◦C, for
a total 3 h of reoxygenation. The H/R model was used for the
functional experiments.

Plasmid Construction and Cell
Transfection
For downregulation of H19, the small interfering RNA (siRNA)
against H19 (si-H19) and its negative control (si-nc) were
designed and cloned into the pAdTrack-CMV vector by
GenePharma (Shanghai, China). The resulting plasmids
were transfected into K-293T cells for viral packaging. At
72 h post transfection, virus-containing supernatants were
collected and then used for infection of HK-2 cells via
Polybrene. To yield the BCL2L11 overexpression plasmid
pcDNA3.1-BCL2L11, the cDNA sequence of human BCL2L11
(Gene ID: 10018) was amplified by PCR, followed by
digestion and subsequent insertion into the pcDNA3.1
vector (Invitrogen, Carlsbad, CA, United States). The
miR-130a mimics, miR-130a inhibitor, and their negative
controls (nc) were designed and synthesized by GenePharma
(Shanghai, China). The cell transfection experiments were
performed using Lipofectamine 2000 reagent according
to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, United States).

Quantitative Real-Time PCR (qRT-PCR)
RNA extraction was isolated from cells using TRIzol reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, United States)
followed by treatment with RNase-free DNase I. Approximately
1 µg amount of total RNA was transcribed into cDNA using
a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA, United States) according to the
manufacturer’s instructions. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and U6 small nuclear RNA (U6
snRNA) were used as two internal references for normalization
of mRNA and miRNA, respectively. The primers used in this
study are listed in Supplementary Table 1. PCR was performed
in a 20-µl reaction volume containing 10 µl of 2 × AceQ
Universal SYBR qPCR Master Mix (Vazyme, Shanghai, China),
2 µl of cDNA, 1 µl of each primer (10 µM), and 6 µl of
ddH2O. The PCR reactions were detected by an ABI 7500
System (Applied Biosystems, Carlsbad, CA, United States) using
the following program: 95◦C for 3 min, followed by 40 cycles
of 95◦C for 10 s, 60◦C for 30 s, and 72◦C for 10 s. All
experiments were performed in biological triplicates (n = 6),
and data were representative of three independent experiments.
Data were calculated with the (2−11Ct) method and compared
with the corresponding internal reference. The statistically
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significant differences were determined by Student’s t-test for
unpaired comparisons between different groups using GraphPad
Prism software (version 7.0). The P < 0.05 was considered as
statistically significant.

Western Blot
Ice-cold Triton X-100 lysis buffer supplemented with a protease
inhibitor cocktail (Sigma-Aldrich, Shanghai, China) was used
to lyse cells and extract total protein. The protein concentration
was determined by the BCA assay according to the supplier’s
instructions (Pierce, Appleton, WI, United States). The protein
samples were loaded and separated by 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE; Solarbio Life Sciences, Beijing,
China), then transferred to PVDF membranes (PVDF; Solarbio
Life Sciences, Beijing, China). The non-specific sites were
blocked with 5% skimmed milk diluted in Tris-buffered saline
with 0.05% Tween (TBST) for 1 h at RT. Then, membranes
were incubated with diluted first antibody (1:1000; Abcam Inc.,
Cambridge, MA, United States) at 4◦C overnight. The primary
antibodies used were listed as the following: anti-BCL2L11
(1:1000, MA5-14848, Sigma, United States); anti-Bax (1:1000,
ab182733, Abcam, United Kingdom); anti-Cyto-c (1:1000,
ab133504, Abcam, United Kingdom); anti-Bcl-2 (1:1000,
MA5-11757, Sigma, United States); anti-Caspase 3 (1:1000,
31A1067, Santa Cruz Biotechnology, United States); and anti-
GAPDH (1:1000, ab181602, Abcam, United Kingdom). The
next day, after washing three times with TBST, membranes
were incubated with a second antibody (horseradish peroxidase-
conjugated anti-rabbit IgG; 1:5,000; Abcam Inc., Cambridge,
MA, United States), followed by reaction with chemiluminescent
substrate. Finally, the immunoblots were visualized using an
ImageQuant LAS 4000 mini (GE Healthcare, Piscataway, NJ,
United States). All experiments were performed in biological
triplicates (n = 6), and data were representative of three
independent experiments.

ELISA Assay
The expression levels of inflammatory factors IL-1β, IL-
6, IL-10, and tumor necrosis factor-alpha (TNF-α) were
quantitatively detected by ELISA assay. Briefly, culture
supernatants were collected at different times post-transfection
and later determined by standard ELISA kits (Thermo Fisher
Scientific, Inc., Waltham, MA, United States) according to
the manufacturer’s instructions. The optical density (OD)
values at 450 nm were read using a microplate reader (Bio-Tek
Instruments, Winooski, VT, United States). The concentrations
were obtained according to the linear standard curve established
by standard solutions. All experiments were performed in
biological triplicates (n = 6), and data were representative of
three independent experiments.

CCK-8 Assay
Briefly, after transfection and H/R administration treatment, HK-
2 cells were seeded at 1 × 103 cells/well in 96-well plates. Cell
viabilities were determined using the Cell Counting Kit-8 (CCK-
8; Beyotime, Shanghai, China), at different time points. At each
time point, 100 µl CCK-8 (Beyotime Biotechnology, Shanghai,

China) was added to each well of a 96-well plate, which was
then placed in a 37◦C, 5% CO2 incubator for a further 2 h. The
absorbance value at 450-nm wavelength was read on a microplate
reader (Bio-Tek Instruments, Winooski, VT, United States). All
experiments were performed in biological triplicates (n = 6), and
data were representative of three independent experiments.

Cell Apoptosis Analysis
Cell apoptosis was determined using the Annexin V-FITC
apoptosis detection kit (Beyotime Biotechnology, Shanghai,
China). Data analysis was conducted using BD FACSDiva
Software version 6.1.3 (BD Biosciences, San Jose, CA,
United States). Briefly, after transfection and H/R treatment,
HK-2 cells were seeded at 1 × 105 cells into 6-well plates and
incubated at 37◦C under 5% CO2 in a humidified atmosphere
for 48 h. Cells were then washed twice with ice-cold PBS and
incubated with Annexin V-FITC/PI staining solution according
to the manufacturer’s protocol. All experiments were performed
in biological triplicates (n = 6), and data were representative of
three independent experiments.

Dual-Luciferase Reporter Assay
The dual-luciferase reporter plasmids including H19-mutant
and BCL2L11-mutant were constructed by Genscript (Nanjing,
China). The lncRNA H19 and 3′-UTR of BCL2L11 cDNA
fragments containing the potential binding sequences of miR-
130a sites were amplified from PCR and inverted into the
pGL3 vector (Promega, Madison, WI, United States). For
dual luciferase assay, HEK-293T cells were cultured in 24-well
plates transiently co-transfected with luciferase vectors, miR-
130a mimics, or miR-nc. Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, United States) was used for plasmid and siRNA
transfection. Luciferase activity assays were performed using
the Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, United States) in line with the manufacturer’s protocol. All
experiments were performed in biological triplicates (n = 6), and
data were representative of three independent experiments.

Biotin-Labeled miR-130a Pull-Down
Assay
The RNA pull-down assay was performed as described (Teng
et al., 2016). Briefly, biotin-labeled miR-130a (biotin-miR-130a)
and biotin-labeled negative control (biotin-nc) were purchased
from GenePharma (Shanghai, China) and transfected into
HEK-293 cells, respectively. 48 h after transfection, cells were
harvested and lysed. Samples (50 µl) were aliquoted for input
and then thoroughly mixed with Dynabeads M-280 Streptavidin
(Invitrogen, Carlsbad, CA, United States) by incubating
overnight rotating at 4◦C following the manufacturer’s protocol.
Beads were washed and treated in RNase-free solutions, then
incubated with equal volumes of biotinylated miR-130a for
15 min at room temperature using gentle rotation. Lastly, the
bead-bound target mRNAs were extracted and purified for next
qRT-PCR analysis. Simultaneously, total fragmented chromatin
(Input) was extracted and purified as a control. All experiments
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were performed in biological triplicates (n = 6), and data were
representative of three independent experiments.

Mitochondrial Membrane Potential
Analysis
The mitochondrial membrane potential analysis was carried
out as described (Chen et al., 2020). Briefly, after treatment,
the transfected cells were incubated with 10 mM 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) (Beyotime, Shanghai, China) for 30 min at 37◦C.
Then, the fluorescence-labeled cells were washed with PBS and
fluorescence was measured at 530 nm excitation and 590 nm
emission. Mitochondrial membrane potential was represented
by the ratio of fluorescence (530/590 nm). All experiments
were performed in biological triplicates (n = 6), and data were
representative of three independent experiments.

Statistical Analysis
Statistical analyses for biological data were carried out using
the SPSS statistical software (SPSS, Chicago, IL, United States)
and GraphPad Prism software 7.0 (GraphPad Software, San
Diego, CA, United States). All results were expressed as
mean± standard deviation (SD). Statistical comparisons between
two groups were evaluated with Student s t-test (unpaired
t-test, two-tailed). Significance between multiple groups was
determined by one-way analysis of variance followed by
either Dunnett’s or Tukey’s multiple-comparison test. Statistical
significance was defined as a P-value less than 0.05.

RESULTS

LncRNA H19 Regulates Cell
Proliferation, Apoptosis, and
Inflammatory Cytokine Expressions in
HK-2 Cells Under H/R Conditions
As shown in Figure 1A, H/R treatment could significantly
suppress HK-2 cell proliferation in vitro, and cell viability
was inhibited to a minimum level 8 h post reoxygenation
treatment (∗P < 0.05). Meanwhile, the HK-2 cell apoptosis
rate was significantly promoted, reaching the highest level at
8 h (∗P < 0.05; Figure 1B). At the same time windows, the
LncRNA H19 expressions were detected by qRT-PCR. The results
showed that the relative expressions of LncRNA H19 in HK-
2 cells gradually increased after H/R treatment, reaching the
highest level 8 h post reoxygenation treatment (∗P < 0.05;
Figure 1C). The expressions of inflammatory cytokines (IL-
1β, IL-6, IL-10, and TNF-α) regulated by LncRNA H19 in
HK-2 cell under H/R conditions were also monitored by
qRT-PCR and ELISA assays, respectively. The results showed
that the mRNA/protein expression levels of IL-1β, IL-6, and
TNF-α were significantly increased, while the expressions of
IL-10 were significantly reduced in HK-2 cells under H/R
conditions, compared with those from the untreated control
groups (∗P < 0.05; Figures 1D,E).

Downregulation of LncRNA H19
Promotes Cell Proliferation, Inhibits
Apoptosis, and Modulates Inflammatory
Cytokines Expressions in HK-2 Cells
Under H/R Treatment
In a pilot experiment, transient transfection efficiency was
assessed by transfections with Ad-nc and Ad-siH19 vectors and
subsequent measurement of LncRNA H19 gene expressions by
qRT-PCR. As demonstrated in Figure 2A, the relative gene
expression levels of LncRNA H19 in the Ad-siH19 group were
significantly lower than those detected from Ad-nc and control
groups (∗P < 0.05). After H/R administration, the CCK-8 assay
results indicated a significant decline in proliferating HK-2 cells
in H/R-treated groups, although it was partially reversed by
transfection of the Ad-siH19 vector (∗P < 0.05; #P < 0.05;
Figure 2B). Meanwhile, HK-2 cell apoptosis was significantly
induced after H/R treatment, although the variations could be
partially reversed by Ad-siH19 transfection (∗P< 0.05; #P< 0.05;
Figure 2C). At the same time windows, the inflammatory
cytokine expressions were also monitored. As demonstrated
in Figures 2D,E, the mRNA/protein expression levels of IL-
1β, IL-6, and TNF-α were significantly increased, while IL-10
expressions were decreased in the H/R or H/R+Ad-nc groups,
compared with those from untreated groups (∗P < 0.05).
However, transfection with Ad-siH19 could reverse H/R-induced
variations in inflammatory cytokine expressions (∗P < 0.05;
#P < 0.05). These observations indicated that LncRNA H19
plays an anti-proliferative and apoptotic role in HK-2 cells
under H/R conditions.

Negative Regulation Between lncRNA
H19 and miR-130a Expression in
HEK-293 Cells
A biological prediction website Starbase was used to predict
the target binding site of lncRNA H19 (Li et al., 2014).
The bioinformatics analysis results revealed promising binding
sites of miR-130a within LncRNA H19 sequences, indicating a
potential link between lncRNA H19 and miR-130a (Figure 3A).
Afterward, the dual-luciferase reporter assay confirmed that the
co-transfection of HEK-293 cells with wild-type LncRNA H19
and the miR-130a mimics resulted in significantly decreased
luciferase activity as compared with the miR-nc group (∗P< 0.05;
Figure 3B). Meanwhile, the relative expression of LncRNA H19
was significantly lower in the miR-130a mimics group than those
in the miR-nc group (∗P < 0.05; Figure 3C). However, LncRNA
H19 expression was remarkably increased after transfection
with the miR-130a inhibitor (#P < 0.05; Figure 3C). Then,
RNA pull-down assay was performed to detect the interplay
between lncRNA H19 and miR-130a. Interestingly, almost little
of lncRNA H19 in the miR-130a-WT pulled-down pellet was
observed when compared with negative control (biotin-nc), but
more enrichment of LncRNA H19 was detected in the miR-
130a pulled-down pellet (∗P < 0.05; Figure 3D). The Pearson
correlation analysis results also reflected that the expression
of miR-130a was negatively correlated with LncRNA H19
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FIGURE 1 | LncRNA H19 regulates cell proliferation, apoptosis, and inflammatory cytokine expressions in HK-2 cells under H/R conditions. (A) HK-2 cell viability
analysis after H/R treatment. (B) HK-2 cell apoptosis assay after H/R treatment. (C) Relative expressions of LncRNA H19 after H/R treatment. (D,E) mRNA/protein
expression levels of inflammatory cytokines in HK-2 cells after H/R treatment. H/R, hypoxia/reoxygenation treatment; Control, untreated cells; IL-1β, interleukin-1β;
IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor α. All experiments were performed in biological triplicates (n = 6), and data were representative
of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with
Student’s t-test. *P < 0.05, compared with the control groups.

FIGURE 2 | Downregulation of LncRNA H19 promotes cell proliferation, inhibits apoptosis, and modulates inflammatory cytokine expressions in HK-2 cells under
H/R treatment. (A) Relative expressions of LncRNA H19 after recombinant adenovirus vector transfection. (B) HK-2 cell viability analysis after H/R treatment.
(C) HK-2 cell apoptosis assay after H/R treatment. (D,E) mRNA/protein expression levels of inflammatory cytokines in HK-2 cells after H/R treatment. H/R,
hypoxia/reoxygenation treatment; Control, untreated cells; Ad-nc, Ad-siRNA-NC; Ad-siH19, Ad-siRNA-H19; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10,
interleukin-10; TNF-α, tumor necrosis factor α. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent
experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test.
*P < 0.05, compared with the control groups; #P < 0.05, compared with the H/R groups.
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FIGURE 3 | Reciprocal inhibition between LncRNA H19 and miR-130a in HEK-293 cells. (A) Putative binding sites of miR-30a within LncRNA H19 mRNA, and the
sequences of wild-type and mutant-type vectors. (B) The relative luciferase activities of luciferase reporters containing WT or mutant LncRNA H19 were assayed
48 h after co-transfection with miR-30a mimics or miR-nc. (C) The relative expressions of LncRNA H19 after transfection with miR-130a mimics or inhibitor. (D) The
expression level of LncRNA H19 mRNA was measured by RT-qPCR in the sample pulled down by biotinylated miR-130a. (E) The correlation analysis between
LncRNA H19 and miR-130a. (F) The relative expressions of miR-130a after H/R treatment. All experiments were performed in biological triplicates (n = 6), and data
were representative of three independent experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups
were evaluated with Student’s t-test. *P < 0.05, compared with the control groups; #P < 0.05, compared with the other control groups.

(r2 = 0.2786, P = 0.0389; Figure 3E). In addition, the relative
expression of miR-130a was observed to be gradually decreased
in HK-2 cells after H/R treatment, reaching the highest level 8 h
post reoxygenation (∗P < 0.05; Figure 3F). Taken together, these
results suggest that lncRNA H19 may modulate the expression of
miR-130a, indicating miR-130a as a direct target of LncRNA H19.

Upregulation of miR-130a Partially
Counteracted LncRNA H19-Induced Cell
Proliferation, Apoptosis, and
Inflammatory Cytokines Expression in
HK-2 Cells After H/R Treatment
As demonstrated in Figure 4A, transfection with Ad-siH19
remarkably increased the expression level of miR-130a after
H/R administration, whereas this change could be offset by co-
transfection of the miR-130a inhibitor (∗P < 0.05; #P < 0.05).
After H/R administration, the CCK-8 assay results showed
significant inhibition in HK-2 cell proliferation (∗P < 0.05;
Figures 2B, 4B). However, after transfection with Ad-siH19,
a much less significant decrease in cell viability was observed,
which was partially rescued by co-transfection with the miR-130a

inhibitor (∗P < 0.05; #P < 0.05; &P < 0.05; Figure 4B). As shown
in Figures 2C, 4C,D, H/R administration could induce significant
cell apoptosis in HK-2 cells. However, a significant decrease of
cell apoptosis in HK-2 cells was observed when transfected with
Ad-siH19, which was partially reversed by co-transfection with
the miR-130a inhibitor (∗P < 0.05; #P < 0.05; &P < 0.05). In
addition, as demonstrated in Figures 4E,F, a significant enhanced
mRNA/protein expression levels of IL-1β, IL-6, and TNF-α and
meanwhile a decrease expression levels of IL-10 were observed
in the H/R group, compared to those detected from untreated
groups (∗P < 0.05). Moreover, co-transfection with Ad-siH19
and miR-nc inhibited the expression levels of IL-1β, IL-6, and
TNF-α while it increased the expression levels of IL-10. The
variations in inflammatory factors induced by Ad-siH19 could be
counteracted through transfection with Ad-siH19 and miR-130a
inhibitor (∗P < 0.05; #P < 0.05).

miR-130a Targets BCL2L11 Gene in
HEK-293 Cells
The bioinformatics website TargetScan was used to predict
the potential targets for miR-130a (Agarwal et al., 2015). As
indicated in Figure 5A, the binding sites of BCL2L11 were
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FIGURE 4 | Upregulation of miR-130a partially counteracts LncRNA H19-induced cell proliferation, apoptosis, and inflammatory cytokine expression in HK-2 cells
after H/R treatment. (A) The relative expressions of miR-130a after transfection with Ad-siH19 and miR-130a mimics. (B) HK-2 cell viability analysis after H/R
treatment. (C,D) HK-2 cell apoptosis analysis after H/R treatment. (E,F) mRNA/protein expression levels of inflammatory cytokines in HK-2 cells after H/R treatment.
H/R, hypoxia/reoxygenation treatment; Control, untreated cells; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor α. All
experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as
mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups;
#P < 0.05, compared with the H/R groups; &P < 0.05, compared with the H/R+si-H19 groups.

found within miR-130a miRNA. The dual-luciferase reporter
analysis results also demonstrated that co-transfection of HEK-
293 cells with wild-type BCL2L11 3’-UTR and miR-130a mimics
resulted in significantly inhibited luciferase activity, as compared
to the miR-nc group (∗P < 0.05; Figure 5B). Meanwhile, both
mRNA/protein expression levels of BCL2L11 were significantly
reduced in the miR-130a mimic group compared with the
miR-nc group (∗P < 0.05; Figures 5D,E). However, the
inhibitory effect was remarkably reversed by transfection
with the miR-130a inhibitor (#P < 0.05; Figures 5D,E).
The RNA pull-down assay further verified that BCL2L11
could be pulled down and enriched by the biotinylated
miR-130a, which confirmed the interaction between miR-
130a and BCL2L11 (∗P < 0.05; Figure 5C). The correlation
results in Figure 5F showed an inverse relationship between

BCL2L11 expression and miR-130a (r2 = 0.3335; P = 0.0242).
Altogether, these results identified BCL2L11 as a direct
target of miR-130a.

Upregulation of BCL2L11 Partially
Reverse the Inhibition Effect on Cell
Apoptosis Induced by Downregulation of
LncRNA H19 After H/R Treatment
The protein expression changes of BCL2L11, Bax, Cyto-c, Bcl-
2, and Caspase-3 were detected by western blot analysis. As
indicated in Figure 6A, the protein expressions of BCL2L11,
Bax, Cyto-c, and Caspase-3 significantly increased while Bcl-2
decreased after H/R treatment, compared with those detected
from the untreated group. After transfection of Ad-siH19,
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FIGURE 5 | miR-130a targets the BCL2L11 gene in HEK-293 cells. (A) Putative binding sites of BCL2L11 within miR-130a mRNA, and the sequences of wild-type
and mutant-type vectors. (B) The relative luciferase activities of luciferase reporters containing WT or mutant BCL2L11 were assayed 48 h after co-transfection with
miR-30a mimics or miR-nc. (C) The expression level of BCL2L11 mRNA was measured by RT-qPCR in the sample pulled down by biotinylated miR-130a. (D,E) The
relative mRNA/protein expressions of BCL2L11 after transfection with miR-130a mimics or inhibitor. (F) The correlation analysis between miR-130a and BCL2L11.
All experiments were performed in biological triplicates (n = 6), and data were representative of three independent experiments. The results were expressed as
mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test. *P < 0.05, compared with the control groups;
#P < 0.05, compared with the other control groups.

FIGURE 6 | Upregulation of BCL2L11 partially reverses the inhibition effect on cell apoptosis induced by downregulation of LncRNA H19 after H/R treatment.
(A) The protein expression analysis of BCL2L11, Bax, Cyto-c, Bcl-2, and Caspase-3 by western blot assay. HK-2 cells were co-transfected with Ad-siH19 and
pcDNA3.1-BCL2L11 after H/R treatment. (B) Mitochondrial membrane potential analyzed by JC-1 fluorescent probe in HK-2 cells after H/R treatment. H/R,
hypoxia/reoxygenation treatment; Control, untreated cells; Ad-siH19 (siH19), Ad-siRNA-H19; vector, pcDNA3.1 vector; BCL2L11, Bcl-2 like protein 11; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. All experiments were performed in biological triplicates (n = 6), and data were representative of three independent
experiments. The results were expressed as mean ± standard deviation (SD). Statistical comparisons between two groups were evaluated with Student’s t-test.
*P < 0.05, compared with the control groups; #P < 0.05, compared with the H/R groups; &P < 0.05, compared with the H/R+si-H19 groups.
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BCL2L11, Bax, Cyto-c, and Caspase-3 were reduced while Bcl-
2 was increased. However, the variations induced by Ad-siH19
could be counteracted through co-transfection with the BCL2L11
vector (∗P < 0.05; #P < 0.05; &P < 0.05). Subsequently,
the mitochondrial membrane potential analysis was carried
out. The mitochondria-mediated apoptosis was restrained by
co-transfection with Ad-siH19 and BCL2L11, as evidenced
by enhanced mitochondrial membrane potential (∗P < 0.05;
#P < 0.05; &P < 0.05; Figure 6B).

DISCUSSION

Acute kidney injury is a frequent complication accompanied by
high mortality, long-term hospitalization, and decreased kidney
filtration function ability (Zafrani et al., 2016). The pathogenesis
of sepsis-induced AKI includes inflammation, oxidative stress,
and tubular epithelial response (Zhao et al., 2016). LncRNAs
are previously reported to be regulators involved in multiple
cellular and disease progresses, including cell differentiation, cell
proliferation, and apoptosis (Jiang et al., 2015; Wang et al., 2017;
Villa et al., 2019). However, there were still few studies on lncRNA
in AKI. In the present study, we systematically investigated the
expressions and functions of LncRNA H19 and miR-130a in vitro
via a hypoxia-induced human renal proximal tubular cell (HK-
2) model. The results showed that downregulation of LncRNA
H19 could promote cell proliferation, inhibit cell apoptosis, and
suppress multiple inflammatory cytokine expressions in HK-2
cells by modulating the miR-130a/BCL2L11 pathway.

Recently, accumulating reports suggested that certain
LncRNAs and miRNAs were associated with pathogenesis and
development of AKI (Brandenburger et al., 2018; Brandenburger
and Lorenzen, 2020; Yan et al., 2020). Our results showed
that lncRNA H19 was significantly increased while miR-130a
was decreased in HK-2 cells under H/R treatment. Moreover,
downregulation of LncRNA H19 could promote hypoxia-
induced HK-2 cell proliferation but inhibit apoptosis; however,
the variation could be reversed by co-transfection with the
miR-130a inhibitor. Some studies showed that LncRNA H19
could participate in the regulation of various biological processes
such as cell proliferation, apoptosis, and metabolism (Zhang
et al., 2018, 2019; Wang et al., 2019; Zhou et al., 2020); others
also indicated that lncRNA H19 regulated tumor carcinogenesis,
angiogenesis, and metastasis (Lorenzen and Thum, 2016; Xie
et al., 2016; Cao et al., 2019). For example, Cao proved the
functions of LncRNA H19 in inflammation and endothelial
cell injury (Cao et al., 2019). Interestingly, dysregulation of
LncRNA H19 was also found in the embryonic renals of
mice with maternal hyperglycemia which may lead to kidney
diseases (Lorenzen and Thum, 2016). Moreover, Xie showed
that lncRNA-H19 expression was significantly upregulated in
TGF-β2-induced HK-2 cell fibrosis and UUO-induced renal
fibrosis in vivo, indicating that H19 upregulation contributes
to renal fibrosis (Xie et al., 2016). However, the underlying
molecular mechanism of LncRNA H19 in AKI is still unclear. In
the present study, LncRNA H19 was observed to be upregulated
in hypoxia-induced HK-2 cellular model and knockdown

LncRNA H19 promotes cell proliferation, inhibits apoptosis,
and modulates inflammatory cytokine expressions in HK-2 cells
under H/R treatment (Figures 1, 2), indicating that LncRNA
H19 plays regulatory roles in AKI progression.

Emerging evidence showed that LncRNAs function as
miRNA sponges to modulate the depression of miRNA
targets (Thomson and Dinger, 2016). Recently, miR-130a,
a well-documented miRNA, has been reported to regulate
cell proliferation, apoptosis, and inflammation and is related
to renal diseases (Muralidharan et al., 2017; Li et al.,
2020). However, the relationship between LncRNA H19 and
miR-130a in AKI development and progress has not been
reported yet. In our present study, based on the results of
bioinformatics analysis (Figures 3A, 5A), dual-luciferase reporter
assay (Figures 3B, 5B), RNA pull-down assay (Figures 3D,
5C), and Pearson correlation analysis (Figures 3E, 5F), we
demonstrated that miR-130a was a direct target of LncRNA
H19 and negatively regulates its downstream target protein
BCL2L11, which has been well documented as a pro-apoptosis
protein (Luo and Rubinsztein, 2013; Dai and Grant, 2015;
Zhang et al., 2016).

Inflammation is related to the pathogenesis or development of
AKI (Sato and Yanagita, 2018). AKI was also considered to be
associated with intra-renal and systematic inflammation (Rabb
et al., 2016). Clinical data suggested that AKI often results in
an abnormal repair process as a result of hypoxia treatment
and leads to aberrant inflammatory cytokine expressions and
chronic renal dysfunction (Kurts et al., 2013; Anders and
Schaefer, 2014). Interestingly, our results demonstrated that the
in vitro expression levels of pro-inflammatory cytokines IL-
1β, IL-6, and TNF-α were increased while anti-inflammatory
cytokine IL-10 level was decreased in HK-2 cells after H/R
treatment (Figures 1D,E, 2D,E). Consistent with previous
studies, in vivo expression levels of IL-1β, IL-6, and TNF-
α were increased in the AKI mouse model while IL-10 was
decreased (Shi et al., 2017; Sakai et al., 2019). Moreover,
knockdown of LncRNA H19 increased IL-10 expression while
it inhibited IL-1β, IL-6, and TNF-α expressions. The variation
of cytokine expressions induced by LncRNA H19 could be
partially reversed by co-transfection with the miR-130a inhibitor
(Figures 4E,F).

Recent studies have also provided more and more evidenced
proofs on the important functions of ncRNAs in renal disease or
kidney cancers. For example, Shi demonstrated a high expression
of lncRNA H19 in the diabetic kidney and in TGF-β2-induced
fibrosis in HMVECs, and inhibition of H19 attenuated kidney
fibrosis and restored the normal kidney structure (Shi et al.,
2020); Zhu suggested that lncRNAHIF1A-AS2 promotes renal
carcinoma cell proliferation and migration via the miR-130a-
5p/ERBB2 pathway (Zhu et al., 2020); Ai verified that miR-
130a-3p facilitates the TGF-β1/Smad pathway in renal tubular
epithelial cells and may participate in renal fibrosis by targeting
SnoN, which could be a possible strategy for renal fibrosis
treatment (Ai et al., 2020). However, the precise mechanism by
which LncRNA H19 and miR-130a regulate the AKI process
remains unknown, and in vivo studies and clinical data revealing
the role of LncRNA H19 and miR-130a in AKI pathogenesis are
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FIGURE 7 | Potential mechanism elucidating the relationship and interplay of the LncRNA H19/miR-130a/BCL2L11 regulation axis in the human renal proximal
tubular cell (HK-2) cellular process under H/R conditions. The expressions of LncRNA H19 were increased in HK-2 cells after H/R treatment. Further, the LncRNA
H19 might function as miRNA sponges to modulate the depression of miR-130a targets, which negatively regulates its downstream target pro-apoptosis protein
BCL2L11. Moreover, the upregulation of LncRNA H19 also affects multiple inflammatory cytokine expressions in HK-2 cells by modulating the miR-130a/BCL2L11
pathway.

still limited and much needed. Therefore, we intend to address
these deficiencies in the future research.

CONCLUSION

In conclusion, here we for the first time explored the relationship
and interplay of the LncRNA H19/miR-130a/BCL2L11 regulation
axis in the human renal proximal tubular cell (HK-2) cellular
process under H/R conditions. As indicated in Figure 7, the
expressions of LncRNA H19 were gradually increased in HK-
2 cells after H/R treatment. By systematically investigating
the expressions and functions of LncRNA H19 and miR-
130a via the hypoxia-induced HK-2 model, we speculated
that LncRNAs H19 might function as miRNA sponges to
modulate the depression of miR-130a targets. The results of
bioinformatics analysis (Figures 3A, 5A), dual-luciferase reporter
assay (Figures 3B, 5B), RNA pull-down assay (Figures 3D,
5C), and Pearson correlation analysis (Figures 3E, 5F) further
demonstrated that miR-30a was a direct target of LncRNA H19
and negatively regulates its downstream target, a pro-apoptosis
protein BCL2L11. The upregulation of LncRNA H19 could also
regulate multiple inflammatory cytokine expressions in HK-2
cells by modulating the miR-130a/BCL2L11 pathway. All these
results have demonstrated that LncRNA H19 presented pro-
apoptotic and anti-proliferative effects in HK-2 cells via a miR-
130a/BCL2L11-dependent mechanism during H/R treatment
(Figure 7). Our findings indicated that LncRNA H19 and
miR-130a might represent novel therapeutic targets and early
diagnostic biomarkers for the treatment of AKI.
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