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Abstract: Background: Ischemic reperfusion injury of kidney is major cause for renal failure, however the involved 
pathogenesis remains unclear creating an void for its effective treatment. Here we studied involvement of microR-
NA-424 in renal injury. Methods: For the study, p53 or HIF-1α mice were used, ischemic renal injury was induced us-
ing clamping of renal pedicles bilateraly. Proximal kidney tubular cells were used for in vitro studies. Hoechst 33342 
analysis was done for apoptosis. Blood urea nitrogen (BUN) and serum creatinine was done for renal function, 
Hematoxylin-eosin tissue damage and Terminal transferase-dUTP nick-end labeling assay for apoptosis. RT-PCR was 
done for miRNA and ChIP assay to identify the binding of p53 to miR-424. TargetScan and miRanda data base were 
scanned to find targets of miR-424. Protein expression was done by western blot analysis. Results: We discovered 
that, miR-424 was over-expressed in ischemic renal injury mice and in hypoxia exposed renal cells. In cells, miR-424 
suppressed the expression levels of death receptor 6 (DR6) and halted the apoptosis mediated by hypoxia. Blocking 
of miR-424 halted the inhibition of DR6 and caused apoptosis and activation of caspase. In mice, miR-424 mimic 
inhibited expression of DR6 and attenuated ischemic renal injury. We established that, up-regulation of miR-424 
in ischemic reperfusion injury was p53 dependent, also inhibition of p53 caused repression of miR-424 levels in 
hypoxia induced cells in vitro. The p53 knockout mice showed attenuation in levels of miR-424 confirming role of 
p53 behind up-regulation of miR-424 in vivo. Conclusion: The study confirmed p53/miR-424/DR6 as a protective 
cascade during ischemic-reperfusion injury.
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Introduction

Renal ischemia-reperfusion (I/R) injury has 
emerged as one of the primary reason for acute 
kidney injury (AKI). AKI mainly occurs in cases 
which suffer major cardiac abnormalities like 
surgery and infraction, vascular obstruction 
and kidney transplantation [1, 2]. Renal injury 
has resulted in high death rates globally along 
with end-stage kidney failure. It has also been 
found that if the patients of AKI survives the 
initial injury are susceptible to chronic renal dis-
ease (CRD) ahead in their life [3]. Number of 
studies have been done to trace the mecha-
nisms associated with renal injury, different 
types of pathophysiological changes have been 

identified including inflammation, oxidative stre- 
ss, cell injury, renal cells apoptosis and dam-
aged perfusion that lead to AKI [4-6].  

MicroRNAs (miRs) are small molecules having 
length of about 21-25 nucleotides discovered 
to modulate translation of target genes post-
transcriptionally via 3’untranslated region (3’U- 
TR) of mRNAs [7-9]. microRNAs play an impor-
tant role in altering cellular physiology which in 
turn may lead to development and progression 
of certain disorders under various pathologic 
conditions. Numbers of microRNAs have been 
discovered to contribute in development of 
renal function, MiR-10a was reported to be as a 
renal tubule-specific miRNA released in AKI 
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[10]. MiR-17 has been found to be expressed in 
animal models of AKI [11]. Elevated levels of 
miR-21 have been observed in various condi-
tions of kidney injury [12, 13]. Levels of miR-24 
are up-regulated in kidneys of both rats and 
patients of AKI [14], tissue levels of miR-26a 
are decreased in rats induced with AKI [15]. A 
report recently suggested that miR-29a is over 
expressed in the kidneys of patients diagnosed 
for AKI [10]. In as study Wei et al. [16] produced 
the first evidence confirming role of miRs in 
acute kidney injury by developing Dicer-kno- 
ckout mice. Dicer is regarded as a key enzyme 
in synthesis of miRs, this enzyme was selec-
tively deleted in the tubular cells of mice to pro-
duce Dicer-knockout strain of mice. The Dicer-
knockout mice show normal kidney function 
and are resistant to acute kidney injury provid-
ing better survival compared to wild type mice 
involved in the experiment [16]. 

MiR-424 has been found to be associated in 
post-ischemic vascular remodeling and angio-
genesis. It has also been reported that miR-
424 is up-regulated in hypoxic endothelial cells 
and tissues [17]. However role of miR-424 in 
ischemia-reperfusion kidney injury is not inves-
tigated. In the current study we established the 
(Hypoxia Induced Factor-1) HIF-1 or the proxi-
mal tubule-specific p53 knockout mouse 
model. We examined the role of miR-424 in 
renal ischemia reperfusion injury both in vivo 
and in vitro. We found that the levels of miR-
424 were up-regulated in mice subjected to 
ischemia-reperfusion injury (in vivo) and in 
renal tubular cells (in vitro). The up-regulation 
of miR-424 was arbitrated via p53 in tubular 
cells and upon up-regulation, miR-424 inhibited 
death receptor 6 thus preventing apoptosis of 
renal cells.

Material and methods

Animal model of ischemic renal injury 

All the animal protocols were approved by ethi-
cal committee of Xinhua Hospital Affiliated to 
Medicine School of Shanghai Jiaotong Univer- 
sity, Shanghai China, and the approval number 
was XHAMSS/DN/17-18/0411. The HIF-1α kno- 
ckout or Proximal tubule-specific p53 mouse 
models were developed by performing cross of 
HIF1α flox/flox or p53flox/flox mice with the 
PEPCK-Cre as per the procedure described ear-
lier [18]. The C57BL/6 mice were selected as 
normal mice. Both the mice types i.e transgenic 

and the normal were kept in polypropylene 
cages. The renal injury was induced in mice 
according to procedure described earlier [19] 
for the same the pedicles of kidney were 
clamped for blocking the blood flow which in 
turn caused ischemia reperfusion injury; the 
clamps were removed to allow reperfusion. The 
sham groups of mice were subjected to surgery 
with no clamping and exposing the kidney 
pedicles.    

Delivery of miRNA mimic (in vivo)

The miR-424 mimic or miR-negative control 
(miR-NC) was delivered using Invivofectamine 
3.0 reagent (ThermoFisher USA) as per suppli-
er’s protocol. Briefly, miR-424 mimic or miR-NC 
was mixed with Invivofectamine reagent along 
with complextion buffer in the ratio (1:2:1). The 
mixture of all the three was incubated for 30 
minutes at 50°C and diluted with phosphate 
buffer saline (PBS) with 10 volumes. The result-
ing complex was centrifuged at 4000 g for 30 
min at 4°C. The complex was injected via tail 
vein at the rate of 30 μL/sec in mice 24 h prior 
to submitting them to surgery at a dose of 10 
μL/g body weight.

Cell lines and induction of hypoxia 

For in vitro studies, the proximal tubular kidney 
cell lines of rat were used. The cell lines along 
with dominant negative mutant (DN-p53) and 
wild type (WT) were obtained from Department 
of Nephrology, XinHua Hospital Affiliated to 
Medicine School of Shanghai Jiaotong Uni- 
versity, Shanghai. The study required HIF-1α-
null mouse embryonic fibroblasts (MEFs) and 
the (HIF-1α+/+ (Wild type) which were prepared 
as per the earlier procedure [19]. The stable 
proximal tubular kidney cells were transfected 
with DR6-shRNA (Origene Tech. USA) using 
Lipofectamine reagent (Thermo Fisher, USA). To 
confirm the knockdown, expression of DR-6 
was done by western blot analysis using anti-
DR6 antibody (Biocompare USA). To induce 
hypoxia, the proximal tubular kidney cells were 
subjected to plating for 12 h and then were 
incubated in a medium pre-equilibrated in a 
hypoxia chamber having 1% oxygen.    

Evaluation of apoptosis by morphological 
analysis

The apoptosis was analyzed by subjecting the 
cells to Hoechst staining 33342 (10 μg/ml) for 
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3 minutes. Fluorescence microscopic analysis 
and phase-contrast was done evaluating the 
morphological characters of cells such as nu- 
clear fragmentation and condensation along 
with cellular shrinkage. The morphological 
characters were analyzed by selecting 3 fields 
having approximately 100 to 150 cells, to find 
number apoptotic cells. Each experiment was 
repeated for at least 3 times. 

Renal function analysis and histology

Renal function was assessed by studying BUN 
(ThermoFisher, USA) and serum creatinine 
(Abcam) using commercially available kits opt-
ing the procedure provided by suppliers. Briefly, 
the blood was collected and subjected to cen-
trifugation at 10000 g for separating serum. 
Commercial BUN and serum creatinine mea-
suring kits were used which were obtained from 
Thermo Fisher USA and Sigma Aldrich USA 
respectively. Kidney tissue damage was ass- 
essed by Hematoxylin-eosin staining (H&E), 
whereas apoptosis was examined by Terminal 

transferase-dUTP nick-end labeling (TUNEL) 
[20-23]. Briefly, the target tissues were fixed 
with paraformaldehyde (4%) and embedded in 
paraffin. Each tissue was sliced into sections of 
4 μm and deparaffinized opting standard proto-
col followed by staining with standard H&E or 
TUNEL protocols. Tubular dilation was regarded 
as an indicator of renal tubular damage along 
with features such as loss of brush border; for-
mation of protein/cell cast and degeneration of 
tubules. The samples were screened randomly 
to evaluate the percentage of tubular damage. 
For evaluation of apoptosis, 10-20 fields were 
selected randomly in each tissue section to 
count the number of cells positive for selected 
staining with the help of an Axioplan2 fluores-
cence microscope.

Extraction of total RNAs and real-time PCR 
analysis 

From both kidney tissues and kidney tubular 
cell lines, the total RNAs were extracted using 
RNeasy Mini Kit (Qiagen USA). For reverse tran-

Figure 1. miR-424 is over-expressed in ischemic renal injury in vivo and under hypoxic conditions in vitro. A: miR-424 
was over-expressed in ischemic renal injury. The RNA samples extracted from kidney cortex of mice induced to isch-
emic renal injury of 30 min followed by 12 h or 48 h reperfusion, or sham operated mice. The levels of miR-424 were 
assessed by qRT-PCR and were up-regulated significantly in mice with 30 min IRI and reperfusion of 48 h. *P<0.05 
compared to sham group mice. B: In situ hybridization study for expression of miR-424 in vivo. The mice were in-
duced to renal ischemia of 30 minutes followed by reperfusion of 48 h (I30/48 h) or sham operated mice consid-
ered as control for obtaining sections of kidney tissues. The images show significant over-expression of miR-424 in 
renal tubules. C: miR-424 in up-regulated in moderate ischemic renal injury mice. The total RNA extracted from the 
kidney cortex of mice induced with 25 minutes of renal ischemia followed by reperfusion of 1 days (I2/1D), 3 days 
(I25/3D), 5 days (I25/5D), and 7 days (I25/7D), or sham operated (sham). *P<0.05 compared to sham group. D: 
miR-542 is up-regulated in cultured proximal tubular kidney cells subjected to hypoxia. The tubular cells were cul-
tured under hypoxic (1% oxygen) and a non-hypoxic condition for 6 to 48 hours, qRT-PCR analysis was done which 
showed a significant up-regulation of miR-424 at 24 h post hypoxia. *P<0.05 compared to expression at 0 hours.
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scription a High-capacity cDNA reverse tran-
scription kit (Applied Biosystems, USA) was 
used for reverse transcripting RNA into cDNA. 
The RT-PCR was carried by using Taqman pro- 
bes with the help of Taqman miRNA assay kit 
(Thermo Fisher, USA). The fold changes record-
ed using 2-ΔΔCt values.

In situ hybridization (ISH) of miRNA

The ISH was done using an In Situ Hybridization 
Kit (ISH), BioAssay (TM) as per supplied instruc-
tions. Briefly. The kidneys of mice were removed 
and tissue sections of 5 μm were prepared, the 
sections were stored in paraformaldehyde (4%) 
at room temperature for 15 min. The process of 
de-proteination was carried using proteinase-K 
(10 μg/ml) at room temperature for 15 min. The 
sections were subjected to prehybridization 
using the Biochan prehybridizing solution for 3 
hours initially and then for 12 hours. The sec-

tions were washed for 15 minutes using 1× SSC 
at room temperature. The washed sections 
were subjected to incubation along with block-
ing solution at 37°C for 60 minutes and again 
incubated with an anti-DIG antibody (1:100) in 
the blocking solution at 4°C for 12 hours. 
Finally the sections were rinsed once using 
phosphate buffer saline followed by detection 
using 1-Step™ NBT/BCIP Substrate Solution 
(Thermo Fisher USA).

Chromatin IP assay of P53 binding to miR-424 
promoter region

Chromatin immune precipitation assay (ChIP 
assay) was done to identify the binding of p53 
to miR-424 promoter region ChIP kit (Merck 
USA) following the supplied instructions. Briefly, 
the cultured cells were fixed using formalde-
hyde (1%) the chromatin and cell lysate were 
collected by sonication. The resultants were 

Figure 2. Anti-miR-424 LNA aggravates renal cell injury under hypoxic conditions. The proximal tubular kidney cells 
received transfection of anti-miR-424 LNA or scrambled LNA followed by incubation under normal conditions (Con-
trol) or hypoxic conditions (1% oxygen) for 48 h. A: The image shows cellular morphology and nuclear staining of 
proximal tubular kidney cells. B: The data shows percentage of proximal tubular kidney cells apoptosis via morpho-
logical evaluation. C: Caspase activity was assessed for proximal tubular kidney cells under normal and hypoxic 
conditions. *P<0.05 compared to control (non-hypoxic), #P<0.05 compared to cells transfected with Scrambled LNA 
under hypoxia.
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subjected to immunoprecipitation along with 
anti-p53 antibody. The complex was submitted 
to RT-PCR and amplified using specific primers 
for p53 binding sequence and control gene 
p21.   

Luciferase assay

The miR-424 binding site in DR6 3’UTR along 
with both the forward and reverse sequences 
were normalized and introduced into luciferase 
miRNA reporter vector obtained from Applied 
Biosystems USA at specified sites. The Human 
embryonic kidney cells 293 were transfected 
with control vector or cloned construct along 
with miR-424 mimic or scrambled-sequence 
oligonucleotides. For creating transfection nor-
malization we used miRNA Expression Reporter 
Vector System (Thermo Fisher USA). The cell 

lysate was obtained 24 hours after transfection 
followed by measurement of luciferase activity.  

In silico bioinformatics analysis and potential 
target of miRNA

In silico prediction of miR-424 targets was done 
by Tragetscan7.0 and miRanda 2010. Another 
computational algorithm JASPAR CORE was uti-
lized to identify the possible binding sites of 
p53 to miR-424.  

Western blot analysis for expression of pro-
teins

For western blot analysis, cell lysates were col-
lected employing SDS-PAGE buffer (2%). The 
proteins (30 μg) were resolved using SDS-PAGE 
gel followed by transfer to PVDF membrane 

Figure 3. miR-424 mimic inhibits apoptosis in tubular cells under hypoxic condition. Proximal tubular kidney cells 
received transfection of miR-424 mimic or scrambled oligonucleotides followed by incubation under normal condi-
tions (control) or hypoxic conditions for 48 h. A: The images show the morphological and nuclear staining of proximal 
tubular kidney cells. B: Extent of apoptosis observed after morphological evaluation, *P<0.05 compared to control 
cells (non-hypoxic), #P<0.05 compared to scrambled transfected under hypoxic condition. C: Western blot analysis 
of cleaved caspase-3. The cell lysates of proximal tubular kidney cells with miR-424 mimic or scrambled oligonucle-
otides or reagent transfected under normal and hypoxic condition, cleaved caspase-3 was inhibited significantly by 
miR-424 transfection. The results were normalized against loading control β-actin. 
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(Thermo Fischer, USA). The blots were incubat-
ed along with primary and secondary antibod-
ies but before were blocked using non-fat milk 
(5%) for 1 hour. The antibodies used for the 
study were anti-p53, anti-DR6, anti-caspase-3, 
anti-phopsho-p53 from Santa Cruz Biotech and 
cyclophilin B and anti-β-actin from Cell Signaling 
Tech. 

Statistical analysis

All the values expressed are mean ± SD, the 
statistical analysis was done using GraphPad 
Prism version 3. The statistical significance 
was established using student’s t-test, the p 
values <0.05 was regarded as statistically 
significance.  

Figure 4. miR-424 mimic protects against ischemic kidney injury in mice. Mice received injection of miR-424 mimic 
or scramble sequence oligo followed by ischemic renal injury of 30 min and 48 h reperfusion or sham operation. 
A: Serum creatinine levels. B: Blood urea nitrogen. C: Percentage of damaged tubules post 30 minutes of ischemia 
followed by reperfusion of 48 h. P<0.05 compared to scrambled oligo group. D: Hematoxylin and eosin staining in-
dicating renal tissue damage in sham operated and ischemic renal injured mice. E: Images showing TUNEL staining 
indicating apoptosis in renal tissues. F: Number of apoptotic cells per mm square of isolated renal tissue *P<0.05 
compared to scrambled sequence oligo receiving group. G: Expression of miR-424 in scrambled and miR-424 mimic 
treated groups. *P<0.05 compared to oiligo group.
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Results

Expression of miR-424 is elevated in ischemic 
renal injury mice (in vivo) and in hypoxia in-
duced proximal tubular kidney cells (in vitro)

The mice were subjected to 25 and 30 minutes 
of renal ischemia followed by reperfusion for 
creating moderate and severe ischemic renal 
injury. The expression of miR-424 in renal tis-
sues was determined using qRT-PCR. We 
observed that the mice induced with severe 
renal ischemic injury, the level of miR-424 
increased significantly (P<0.05) compared to 

sham operated group of mice after 12 hours, 
the levels increased more significantly (P<0.01) 
after 48 hours compared to sham group of 
mice (Figure 1A). In situ hybridization was done 
for confirming the localization of miR-424, we 
found that the mice induced with severe isch-
emia (i.e. for 30 minutes) followed by perfusion 
after 48 hours showed significantly higher pres-
ence of miR-424 compared to sham operated 
group of mice which showed a weak presence 
of miR-424 (Figure 1B). In the mice subjected 
to moderate renal perfusion injury (25 min-
utes), the expression of miR-424 was detect-
able only after 24 hours (1 day) which remained 

Figure 5. Death Receptor 6 was the favorable target of miR-424 during ischemic renal injury and hypoxic conditions 
of proximal tubular kidney cell line. A: Western blot analysis of DR6 in renal tissue mice. The renal cortical tissues 
of mice were extracted for analyzing levels of DR6 employing western blot analysis, cyclophilin B was selected as 
loading control. B: Western blot analysis for DR6 in proximal tubular kidney cells transfected with miR-424 mimic or 
anti-424-LNA for which scrambled RNA or LNA was selected as control respectively, cyclophilin B was selected as 
loading control. C: Western blot analysis was done for expression of DR6 in mice injected with miR-424 mimic or NC 
oligo. The mice were subjected to ischemic renal injury followed by perfusion of 48 h or sham operated, cyclophilin 
B was selected as loading control. D: The HEK cells were transfected with Luciferase-DR6-3’-UTR construct or with 
the Luciferase empty vector combined with miR-424 mimic or scrambled oligonucleotides. The Luciferase activity 
was done to demonstrate the inhibitory effect of miR-424. *P<0.05 compared to scrambled sequence.
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elevated for the whole 7 days of study (Figure 
1C). For in vitro analysis cultured proximal tubu-
lar kidney cells of rat were subjected to hypoxia 
(1% oxygen), we found that the hypoxic condi-
tion barely elevated the levels of miR-424 after 
6 hours, but the levels elevated significantly 
after 12 hours of hypoxia (Figure 1D). The ex- 
periment hence established that ischemic re- 
nal injury in renal tissues of mice (In vivo) and 
hypoxic condition in cultured proximal tubular 
kidney cells (In vitro) are associated with elevat-
ed levels of miR-424. 

Transfection of miR-424 mimic attenuated hy-
poxia mediated apoptosis in cultured proximal 
tubular kidney cells (In vitro)

We evaluated the protective role of miR-424 in 
hypoxic injury of cultured proximal tubular kid-
ney cells (In vitro), for the same we used anti 
miR-locked nucleic antigen-424 (anti-miR-424 
LNA). The cultured proximal tubular kidney cells 
were transfected with scrambled sequence 

LNA followed by hypoxia, which resulted an 
increase in cell apoptosis (Figure 2A). We found 
that the transfection of anti-miR-424 LNA 
caused a two fold increase in apoptosis in 
hypoxic kidney cells (Figure 2A, 2B), which was 
confirmed by measuring the caspase activity 
(Figure 2C). Upon transfecting the cells with 
miR-424 mimic caused a significant reduction 
in apoptosis mediated by hypoxia as evidenced 
by morphological study as well as by measure-
ment of caspase-3 activity (Figure 3A-C). The 
outcome of experiment hence suggested that 
increase in levels of miR-424 during ischemic 
renal injury may play a protective role against 
the renal injury and associated tissue damage.  

MiR-424 mimic protects against ischemic 
acute kidney injury in mice

We further evaluated the role of miR-424 mimic 
in mice, for the same the mice were injected 
with miR-424 mimic or scramble sequence 
oligo followed by ischemic renal injury or sham 

Figure 6. Suppression of DR6 protects hypoxia-mediated apoptosis in renal cells. A: Immunoblotting analysis showed 
that, proximal tubular kidney cells transfected with DR6-shRNA had lower expression of DR6 under hypoxic condi-
tions compared to control (shRNA transfected, control). B: The DR6 knockdown and scrambled proximal tubular 
kidney cells were incubated under non-hypoxic or hypoxic conditions for 48 hours. The apoptosis (%) was calculated 
by morphological study. *P<0.05 compared to normal control, @P<0.05 compared to control. C: The images show 
cell morphology and nuclear staining.
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operation. We found that mice injected with 
miR-424 mimic showed significant reduction in 
levels of serum creatinine and blood urea nitro-
gen (BUN) compared to mice treated with 
scrambled oligo (Figure 4A, 4B). The extent of 
renal tissue damage was assessed by H&E or 
TUNEL staining. The H&E stained slides showed 
that the kidneys of sham operated group 
showed no signs of injury (Figure 4C and 4D), 
whereas mice injected with scramble oligo and 
subjected to ischemia and reperfusion showed 
about 50% tubular damage. Similar results 
were seen with TUNEL staining (Figure 4E). 
However, mice injected with miR-424 mimic 
showed a significant reduction in tubular dam-
age i.e 20% after ischemic renal injury, the mice 
also demonstrated significantly lower number 
of apoptotic cells/mm2 of kidney tissue (25/
mm2) compared to mice injected with scram-
bled oligo (55/mm2) (Figure 4F). The expres-
sion of miR-424 was significantly higher in miR-
424 mimic treated mice compared to scram-
bled oligo group (Figure 4G). The findings sug-
gest protective role of miR-424 in ischemia 
mediated acute kidney injury. 

miR-424 protects kidney cells and tissues via 
restricting death receptor 6 (DR6) in vivo and 
in vitro 

To identify the favorable target for miR-424, we 
verified two data bases named TragetScan and 
miRanda. The study of data base by TragetScan 
(http://www.targetscan.org) and miRanda re- 
peatedly predicted DR6 as target gene of miR-
424. DR6 is a member of tumor necrosis factor 
super family proteins, 78 to 450 bases long 

and is found on the 6th chromosome. The in 
silico analysis suggested conserved binding 
sites for miR-424 in 3’UTR DR6 of mice, rats 
and human species. We found that, the expres-
sion of DR6 decreased significantly in cortical 
tissues of kidney after subjecting the animals 
to ischemia of 25 minutes followed by 1-7 days 
of perfusion (Figure 5A) whereas the levels of 
miR-424 were increased (Figure 1B). In cul-
tured proximal tubular kidney cells, the levels of 
DR6 decreased after transfecting them with 
miR-424 mimics, whereas transfection with 
anti-miR-424-LNA increased the levels of DR6 
(Figure 5B). For in vivo confirmation, we trans-
fected mice with miR-424 mimic for 24 h, which 
decreased the expression of DR6 (Figure 5C). 

Luciferase assay was done to find whether miR-
424 targets directly to the 3’UTR of DR6. The 
human embryonic kidney cells were transfect-
ed with Luciferase-DR6-3’-UTR construct or 
with the Luciferase empty vector combined 
with miR-424 mimic or scrambled oligonucle-
otide. We found that, miR-424 mimic sup-
pressed the expression of Luciferase in cells 
transfected with Luciferase-miR-424-DR6 and 
remained unchanged in scrambled oligonucle-
otide (Figure 5D), suggesting miR-424 targets 
DR6-3’-UTR directly. Altogether, the results con-
firmed that miR-424 exerts an attenuating 
effect in ischemia mediated renal cell injury via 
suppressing DR6. To further confirm the involve-
ment of DR6 in miR-424 attributed renal pro-
tective effect, the proximal tubular kidney cells 
were transfected with shRNAs to knockdown 
the DR6 in them. We found that the cells trans-
fected with DR6-shRNA showed a significant 

Figure 7. Hypoxia induced factor-1 is not involved for increased levels of miR-424 during ischemic renal injury in 
vivo and hypoxia in vitro. A: Expression of miR-424 during hypoxia in both HIF-1-WT and HIF-1 null cells. The cells 
subjected to hypoxic and non-hypoxic conditions 24 hours for isolation of RNA followed by RT-PCR analysis of miR-
424. @P<0.05 compared to non hypoxic control. B: The levels of miR-424 were elevated in proximal tubule of both 
HIF-1 null and wild type mice. The mice induced to ischemic renal injury of 30 minutes followed by reperfusion of 
12 or 48 hours. The RT-PCR study was done for RNA samples extracted from the renal tissues. *P<0.05 compared 
to sham operated mice.
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suppression of DR6 compared to cells receiv-
ing transfection of shRNAs (Figure 6A). We also 
noticed that, after subjecting the cells to hypox-
ia for 48 hours, the extent of apoptosis in 
scrambled oligonucleotides transfected cells 
was 15% whereas it was 11% in cells knock-
down for DR6 (Figure 6C). The outcomes of 
experiment indicated that DR6 plays a pro-
apoptotic role in ischemia mediated renal injury 
and miR-424 provides protective effect in kid-
ney injury by suppressing DR6.

Increased levels of miR-424 during hypoxia 
and ischemia are not mediated by hypoxia in-
duced factor-1 (HIF-1) 

We in our experiments confirmed that DR6 was 
the favorable target of miR-424, we further 
extended our study to identify the upstream 
mechanism involved for enhanced expression 
of miR-424 in ischemic renal injury. Literature 
has confirmed that hypoxia induced factor-1 
(HIF-1) as the main transcription factor which 
regulates gene expression in hypoxic and isch-
emic conditions [24]. A report earlier has sug-
gested role of HIF-miR-424 expression in endo-
thelial cells which promotes angiogenesis [17]. 

induced factor-1 for increased levels of miR-
424 mediated by ischemia renal injury in vivo 
and hypoxia in vitro.

p53 binds to miR-424 promoter gene and el-
evates the expression during hypoxia of renal 
tubular cells (in vitro)

P53 has been identified to play a crucial role in 
ischemic renal injury [25, 26]. To identify the 
involvement of p53 in regulation of miR-424, 
we evaluated the levels of p53 in hypoxia 
induced proximal renal tubular cells. We found 
that levels of both p53 and its phosphorylated 
form were elevated after the cells were subject-
ed to 6 to 48 hours of hypoxia (Figure 8A). Later 
we carried in silico analysis with the help of 
JASPAR CORE 2016 database to find the pro-
moter region in miR-424. The bioinformatics 
analysis suggested that miR-424 had a puta-
tive binding site for p53. In our experiment we 
performed chromatin immunoprecipitation 
(ChIP) assay to find the binding of p53 to the 
promoter region of miR-424, for the same we 
selected p21 as positive control which is known 
target p53 target gene. The results showed 
higher binding of p53 in hypoxia induced proxi-

Figure 8. p53 arbitrates miR-424 levels in hypoxic conditions via directly 
binding in its promoter region. A: Western blot analysis for p53 and phospo-
p53 was done, cyclophilin B was selected as control. B: The RT-PCR analysis 
of miR-424 showed hypoxic conditions elevated the binding site for p53 sig-
nificantly compared to non-hypoxic condition. *P<0.05 compared to non-
hypoxic cells.

Looking into the role of HIF-1 
in hypoxia and ischemia, we 
decided to evaluate involve-
ment of HIF-1 along with miR-
424 in ischemic renal injury 
mice and hypoxia induced 
proximal renal tubular cells. To 
evaluate the same, we studied 
the levels of miR-424 by 
hypoxia in HIF-1 null and wild 
type cells in vitro. We found 
that the levels of miR-424 
increased (Figure 7A) in both 
HIF-1 null and wild type cells 
which ruled out the involve-
ment of HIF-1 in hypoxia medi-
ated rise in expression of miR-
424. Further we tested the 
involvement of HIF-1 in vivo 
using HIF-1 knockout mice, we 
evidenced that the levels of 
miR-424 were elevated in 
proximal tubule of both HIF-1 
null and wild type mice, 
regardless of the HIF-1 status 
(Figure 7B). The experiment 
hence denies role of hypoxia 
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mal renal tubular cells (Figure 8B). The out-
comes suggest that p53 may arbitrate miR-424 
levels in hypoxic conditions via directly binding 
in its promoter region. 

To confirm whether p53 is involved in increased 
expression of miR-424 under hypoxic condi-
tions in renal cells, we evaluated the inhibitory 
consequences of pifithrin-α (p53 inhibitor) re- 
nal cells (Figure 9A). Real time PCR demon-
strated that pifithrin-α caused inhibition of miR-
424 expression during hypoxic condition of 
renal cells (Figure 9B). In order to further con-
firm these RT-PCR findings, we evaluated sta-
ble renal cells (Not subjected to hypoxia) trans-
fected with p53 dominant negative mutant 
along with hypoxia induced renal wild-type 
cells. We found that (Figure 9D), the levels of 
miR-424 were inhibited in p53 dominant nega-
tive mutant cells whereas the levels increased 
in wild-type cells (Figure 9C, 9D). The experi-
ment clearly confirms that p53 is involved in 
increased expression of miR-424 in hypoxic 
renal cells.  

p53 leads to increased expression of miR-424 
during ischemia in renal injury mice 

We in this experiment evaluated if over-expres-
sion of miR-424 during ischemia mediated 

renal injury is related to p53. To confirm the 
same, we selected conditional knockout mice 
which are specifically ablated for p53 from the 
proximal tubules of kidney (PT-p53-KO) we also 
used wild-type mice of similar mice called to as 
PT-p53-WT [27]. We found that, the PT-p53-KO 
mice exhibited lower expression of p53 versus 
PT-p53-WT in the kidney tissues irrespective of 
ischemic renal injury (Figure 10A). We also 
found that, submitting mice to 30 minutes of 
renal ischemia followed by 48 hours of reperfu-
sion caused at least 2 fold elevation in expres-
sion levels of miR-424, which was suppressed 
to about 1 fold in kidney tissues of PT-p53-KO 
mice (Figure 10B). The findings of blood urea 
nitrogen and serum creatinine suggested that 
the PT-p53-KO mice were protected from isch-
emic renal injury not wholly but partially (Figure 
10C, 10D). 

Discussion

Micro RNAs also called as miRs are potential 
post-transcriptional governors of gene expres-
sion responsible for number of cellular process-
es required for homeostasis via altering target 
genes. Here, in the present study, we provide 
the first attest suggesting regulating role of 
miR-424 in ischemia mediated acute kidney 

Figure 9. p53 is involved in increased expression of miR-424 in hypoxic renal cells. A: The proximal tubular kidney 
cells were cultured in non-hypoxic and hypoxic conditions along with or without p53 inhibitor, followed by western 
blot study using cyclophilin-B as internal control. B: Effect of p53 inhibitor on expression of miR-424. *P<0.05 
compared to control. C: The proximal tubular kidney cells having p53 dominant negative or wild type were cultured 
under non hypoxic or hypoxic conditions, β-actin was selected as loading control. D: RT-PCR analysis to study effect 
of dominant negative-p53 on levels of miR-424. *P<0.05 compared to non hypoxic cells, #P<0.05 compared to wild 
type cells.
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injury. We found that miR-424 was over-
expressed both in vitro (i.e proximal renal tubu-
lar cells subjected to hypoxia) and in vivo (i.e 
ischemia reperfusion kidney injured mice). The 
over-expression of miR-424 was found to be 
mediated by p53 directly and not by Hypoxia 
Induced Factor-1. Over-expression of miR-424 
may contribute for its cyto-protective role in 
survival of kidney cells by suppressing DR6.    

MiR-424 has been confirmed to be associated 
in post-ischemic vascular remodeling and 
angiogenesis. It has also been evidenced that 
miR-424 is up-regulated in hypoxic endothelial 
cells and tissues [17]. Though miR-424 is 
involved with hypoxia associated with human 
endothelial cells of vascular tissues, its role in 
ischemia-reperfusion kidney injury is not inves-
tigated. Here we investigated involvement of 
miR-424 in renal ischemia reperfusion injury 
both in vivo and in vitro. We evidenced that 
expression levels of miR-424 were up-regulat-
ed in mice subjected to ischemia-reperfusion 
injury (in vivo) and in renal tubular cells (in vitro) 
subjected to hypoxia. The up-regulation of miR-
424 was arbitrated via p53 in tubular cells and 
upon up-regulation, miR-424 inhibited death 

receptor 6 thus preventing apoptosis of renal 
cells.

To confirm the up-regulation of miR-424 and its 
role in ischemic acute kidney injury, we per-
formed qRT-PCR with the help of Taqman 
miRNA assay kit. The outcomes of qRT-PCR 
suggested up-regulation of miR-424 during 
ischemic renal injury (Figure 1). On further anal-
ysis by inhibiting anti-miR-424-LNA caused 
increase in apoptosis under hypoxic condition, 
miR-424 mimic suppressed apoptosis (Figure 
2) whereas miR-424-LNA treated cells remained 
unaffected. Looking into the outcomes, we 
focused our study on function and regulation of 
miR-424 in ischemic renal injury. Ultimately, we 
established that miR-424-mimic inhibited whe- 
reas anti-miR-424-LNA increased apoptosis, 
confirming the protective function of miR-424. 
The findings were parallel to a study associated 
with ischemic injury of cardiac tissues and 
hypoxia induced cardiac cells [28].       

MiR-424 have been identified to target number 
of downstream genes under varied pathologi-
cal conditions which include, cysteine-rich se- 
cretory protein LCCL domain-containing 2 (CR- 

Figure 10. P53 leads to elevation in levels of miR424 during ischemia in renal injured mice. A: The proximal tubule 
p53 wild-type (PT-P53-WT) and proximal tubule p53 knockout (PT-P53-KO) mice were induced to renal ischemia of 
30 minutes and then reperfusion of 48 hours. Western blot analysis for expression of p53 was done using tissue 
lysates from renal tissues. B: The expression of miR-424 was significantly increased after ischemic renal injury 
which was down regulated in PT-P53-KO mice. C: The levels of blood urea nitrogen were significantly elevated under 
ischemic condition in mice. *P<0.05 compared to PT-P53-WT, #P<0.05 compared to PT-P53-wild type ischemia. D: 
Levels of serum creatinine were found to be elevated significantly under ischemia. *P<0.05 compared to PT-P53-
WT, #P<0.05 compared to PT-P53-wild type ischemia.
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ISPLD2) pathway [28], PTEN/PI3K/Akt pathway 
in lung cancer cells [29] and Chk1 in cervical 
cancer [30] and targeting CYLD in human pan-
creatic cancer [31]. In the present study, we 
identified Death receptor-6 (DR-6) as favorable 
target of miR-424 using various analytical pro-
cedures. To our survey, this is the first study 
confirming DR-6 as favorable target of miR-
424. Death receptor-6, has been reported to 
initiate survival or apoptotic signals [32]. DR-6 
and DR-3 together may activate NF-κB which is 
responsible the expression of multiple survival 
genes [33]. Reports recently, have suggested 
about increased levels of DR-6 under hypoxic 
conditions could worsen the damage of 
inflamed nerve cells, whereas the suppression 
of DR-6 could shield the neuronal cells from 
injury after ischemia [34, 35]. Consistent to 
these findings, in this study, shRNA mediated 
knockdown of DR-6 imparted protection to 
proximal renal tubular cells against apoptosis, 
indicating that DR-6 promotes death in hypoxia 
induced kidney cells. Inhibition of DR-6 halted 
apoptosis in control cells, which is feature of 
TNF group of proteins (DR-6 being a member of 
TNF proteins). It was remarkable that up-regula-
tion of miR-424 was observed from the 1st day 
and lasted up to 7 days after ischemic renal 
injury, which was associated with inhibition of 
DR-6 (Figures 1, 5). These longer expressions 
of miR-424 may lead to better cell survival even 
after initial injury along with better chances of 
fixing renal tissues.

Hypoxia induced factor-1 and p53 are two main 
factors triggered during ischemic renal injury 
they are also responsible for up-regulation of 
certain genes including miRs. It has been found 
that, number of HIF-1 related genes conform to 
ischemia or hypoxic injury. HIF-1 have also been 
reported to be responsible for up-regulation of 
some deleterious genes [26]. In, a study earlier, 
HIF-1 have been found to regulate miR-424 in 
endothelial cells [17]. However, in the present 
report deficiency of HIF-1 did not affect the 
expression of miR-424 both in vivo and in vitro 
(Figure 7). Alternatively, we confirmed that up-
regulation of miR-424 in ischemic injury mice in 
vivo and hypoxia induced renal cells in vitro is 
p53 dependent (Figures 9, 10). The CHIP analy-
sis, demonstrated binding of p53 on the gene 
promoter of miR-424 (Figure 7). P53 is regard-
ed as one of the important factor in ischemia 
mediated renal injury, it regulates the myriad 

genes which are associated with arrest of cell 
cycle, cell death along with renal inflammation 
[25, 36]. We confirmed that miR-424 as the 
favorable target of p53 in ischemic renal injury; 
hence our study provides a new path suggest-
ing involvement of p53 in ischemia mediated 
renal injury. The up-regulation of miR-424 in 
ischemic renal injury was stronger, but was 
weak in PT-p53-KO mice (Figure 10B). The find-
ings of our study suggested that p53/miR-424/
DR6 as a protective cascade during ischemic 
renal injury. The finding was unparallel to earlier 
studies which have confirmed p53 as a contrib-
uting factor in death of tubular cells further 
causing tissue damage [25, 36]. However, p53 
is also found to be a stress responsive tran-
scription factor, among the target genes of p53, 
some genes promotes cell death whereas 
some promote survival for cells. p21 is a well 
studied gene which is transcripted by p53, p21 
is up-regulated in acute kidney injury and has 
been found to protect the renal tissues [37]. In 
the present study, we have evidenced miR-424 
as a new protective gene regulated via p53. We 
found that, during renal injury, miR-424 is up-
regulated via p53, miR-424 enhances cell sur-
vival and inhibits apoptosis during ischemic 
renal injury possibly by suppressing Death 
receptor 6.

Conclusion

Altogether, the study suggests up-regulation of 
miR-424 in ischemic renal injured mice and 
hypoxia induced renal tubular cells. The up-reg-
ulation resulted in better survival of cells both 
in vivo and in vitro. The study confirmed p53/
miR-424/DR6 as a protective cascade during 
ischemic renal injury.
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