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Abstract

Renal ischemia-reperfusion injury is a leading cause of acute kidney injury; the pathogenesis of
which remains poorly understood and effective therapies still lacking. Here we tested whether
microRNAs, identified as critical regulators of cell health and disease, are involved in this process.
We found that miR-17-5p was significantly up-regulated during renal ischemia-reperfusion injury
in mice and during hypoxia in cultured renal tubular cells. In cultured cells, MiR-17-5p directly
inhibited the expression of death receptor 6 (DR6) and attenuated apoptosis during hypoxia.
Blockade of miR-17-5p abolished the suppression of DR6 and facilitated caspase activation and
apoptosis. /n vivo, an miR-17-5p mimic suppressed DR6 expression and protected against renal
ischemia-reperfusion injury. We further verified that miR-17-5p induction during renal ischemia-
reperfusion injury was dependent on p53. Inhibition of p53 with pifithrin-a or a dominant-
negative mutant led to the repression of miR-17-5p expression under hypoxia /7 vitro. Moreover,
miR-17-5p induction during renal ischemia-reperfusion injury was attenuated in proximal tubule
p53 knockout mice, supporting the role of p53 in miR-17-5p induction /n vivo. Thus, p53/
miR-17-5p/DR6 is a new protective pathway in renal ischemia-reperfusion injury and may be
targeted for the prevention and treatment of ischemic acute kidney injury.
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Introduction

Results

Renal ischemia-reperfusion injury (IR1) is one of main causes of acute kidney injury
(AKI).1: 2 For example, it is unavoidable in patients who undergo major cardiac events (such
as infarction or surgery) or kidney transplantation. Renal IRI is associated with high rates of
mortality and end-stage kidney failure and notably, even if patients recover from initial
injury, renal IRl may have lasting effects including the development of chronic kidney
disease (CKD).3 For decades, numerous studies have investigated the molecular and cellular
mechanisms of renal IRI and have suggested a variety of pathophysiological changes,
including tubular or epithelial cell injury, microvascular dysfunction, and inflammation.
However, the mechanistic understanding is incomplete and no therapies are available for
effective treatment of IRI-associated kidney injury and renal failure.

MicroRNAs (miRNAs) are recently discovered, critical regulators of gene expression with
approximately 21-25 nucleotides in length.4-6 They target downstream genes by binding to
the 3”untranslated region (3"UTR) of mMRNASs resulting in the repression of translation.
Given this critical role, miRNAs not only effect on physiological cellular behavior, but also
contribute to the development of diseases in various pathological conditions. In kidneys,
miRNAs play important roles in renal development and physiological maintenance and, as a
result, the ablation of Dicer (a key enzyme for miRNA production) in specific kidney cell
types led to renal dysfunction and renal diseases.”~1 In 2010, we established a conditional
Dicer knockout mouse model, in which Dicer was ablated specifically from kidney proximal
tubular cells by using PEPCK-Cre .12 Because PEPCK-Cre is expressed for Dicer knockout
at 2-3 weeks post-natally, these mice did not have renal development defects and showed
normal renal function and histology under control conditions. However, these mice were
remarkably resistant to renal IRI, suggesting an important role of miRNAs in the
pathogenesis. By microarray analysis, we further identified 23 miRNAs with significant
changes in expression during renal IR1.12 More recent studies have investigated the role and
regulation of some of these miRNAs in renal IRI, including miR-494, -21, -126, -687, -150,
and -489.13-17 Notably, while some of the miRNAs mediate kidney injury during IRI, others
may play protective roles.18-20 Accordingly, investigation of these miRNAs may suggest
therapeutic strategies for IRI-related kidney diseases. In this study, we specifically examined
the role and regulation of miR-17-5p in renal IRI. We verified miR-17-5p induction during
renal IRI. The induction was mediated by p53 and, following induction, this microRNA may
repress death receptor 6 (DR6) to protect Kidney cells and tissues from injury.

miR-17-5p is up-regulated during renal IRl in vivo and hypoxia in vitro

Severe and moderate renal IRI was induced in mice respectively by 30 and 25 minutes of
bilateral renal ischemia followed by reperfusion. miR-17-5p in renal cortical tissues was
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determined by quantitative real time PCR using highly specific Tagman probes. In the severe
IRl model, miR-17-5p was marginally induced after 12 hours of reperfusion (130/12h), but
significantly induced after 48 hours of reperfusion (130/48h) (Figure 1A). To localize
miR-17-5p induction, we conducted in situ hybridization. As shown in Figure 1B,
miR-17-5p signal was weak in Sham- control kidneys, but it was markedly induced in
kidney cortical tissues after 30 minutes of ischemia and 48 hours of reperfusion and the
induction was mainly in proximal tubules. In the moderate IRI model, an increase of
miR-17-5p was detected at 1 day of reperfusion (125/1d) and this increase was maintained
during the whole observation period of a week (Figure 1C). In cultured rat kidney proximal
tubular cells (RPTC), hypoxia (1% oxygen) induced marginal increases in miR-17-5p at 6—
12 hours, but the increase became significant at 24 hours of hypoxic incubation (Figure 1D).
These results demonstrated the miR-17-5p induction during renal IR in kidney tissues and
hypoxia in cultured tubular cells.

Effects of anti-miR-17-5p and miR-17-5p mimic on tubular cell apoptosis during hypoxia

To investigate the pathophysiological role of miR-17-5p, we initially examined the effect of
anti-miR-17-5p LNA on hypoxic injury of RPTC cells. Hypoxic incubation resulted in a
significant increase of apoptosis in RPTC transfected with scrambled sequence LNA (Figure
2A). Notably, transfection with anti-miR-17-5p LNA almost doubled the percentage of
apoptotic cells during hypoxia treatment (Figure 2A, 2B). These morphological evaluations
were verified by the measurement of caspase activity (Figure 2C). In contrast, the
transfection of miR-17-5p mimic significantly reduced apoptosis during hypoxia as assessed
by both morphological assays (Figure 3A, 3B) and immunoblot analysis of active caspase-3
(Figure 3C). Altogether, the results suggested that miR-17-5p induced in renal IRl may act
as a protective factor against tubular cell injury and tissue damage.

MiR-17-5p mimic protects against renal IRI

We further examined the effect of miR-17-5p mimic in vivo. Mice were injected with
miR-17-5p mimic or scramble sequence oligo, and then subjected to sham or bilateral renal
IRI. Compared to scramble oligo group, the mice treated with miR-17-5p showed
significantly lower BUN and serum creatinine (Figure 4A, 4B). We further examined renal
tissue damage by hematoxylin and eosin (HE) staining. As shown in Figure 4D and 4E, the
kidneys from sham surgery group showed healthy histology. Notably, there was severe
kidney injury with about 40% tubular damage in scramble oligo-treated mice followed by
ischemia 30 minutes and 48 hours of reperfusion. In contrast, miR-17-5p mimic injection
significantly reduced the tubular damage to about 20%. Following IRI, these mice also
showed significantly less apoptosis (28/mm?2) than the scramble control mice (51/mm?2)
(Figure 4F, 4G). These results suggested that miR-17-5p may play a protective role in
ischemic AKI.

miR-17-5p targets Death Receptor 6 during renal IRI and hypoxia of RPTC

How does miR-17-5p protect? The key to this question is to identify the responsible target
gene(s) of this microRNA. Depending on the cellular context, miR-17-5p may target a
variety of downstream genes by binding to the 3'UTR of their mRNAs 21, We first searched
two microRNA target analysis databases (miRanda and TargetScan), which predicted several
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hundred putative target genes of miR-17-5p. Among these genes, DR6, also known as tumor
necrosis factor receptor superfamily member 21 (TNFRSF21), was consistently predicted as
a candidate target of miR-17-5p. Further bioinformatics analysis showed that the miR-17-5p
binding site in the 3"UTR of DR6 was conserved across species (Figure 5A).
Experimentally, DR6 expression significantly decreased in kidney cortical tissues after 25
minutes of ischemia with 1-7 days of reperfusion (Figure 5B), where miR-17-5p was
induced (Figure 1B). In RPTC cells, DR6 expression was suppressed specifically by the
transfection of miR-17-5p mimic, whereas anti-miR-17-5p LNA increased DR6 expression
(Figure 5C). In vivo, we treated mice with miR-17-5p mimic for 24 hours, which suppressed
DR6 expression (Figure 5D). To further determine if miR-17-5p directly targets the 3’UTR
of DR6, we conducted miRNA Target Luciferase Reporter assay. To this end, we prepared a
construct that contained the putative miR-17-5p targeting site of DR6 3’ UTR sequence after
the luciferase reporter gene (Luciferase-DR6-3’UTR). HEK cells were co-transfected with
the Luciferase-DR6-3’-UTR construct or Luciferase-DR6-3"-empty vector along with
miR-17-5p mimic or scrambled-sequence oligonucleotide. miR-17-5p mimic significantly
reduced luciferase expression in Luciferase-miR-17-DR6 transfected cells but not the
scrambled-sequence oligonucleotide (Figure 5E), indicating that the miR-17-5p directly
targeted DR6-3"-UTR. Collectively, these results suggested that miR-17-5p may attenuate
the ischemic renal cell death by targeting or repressing DR6.

To test the role of DR6 in miR-17-5p-mediated renal protection, we transfected ShRNAs into
RPTCs to knockdown DR6. Compared with scramble shRNA, DR6-shRNA transfection
significantly decreased DR6 expression (Figure 6A). After 48hours of hypoxia (1% oxygen)
treatment, ~16 % of apoptosis occurred in scrambled oligo transfected cells, whereas less
than 12% in DR6 knockdown cells (Figure 6B). Representative recording of cell
morphology further verified that less apoptosis developed following hypoxia in DR6-shRNA
cells (Figure 6C). This result supported a pro-apoptotic role of DR6 in renal tubular cells
during hypoxic/ischemic injury. This observation also suggested that miR-17-5p may protect
kidney cells and tissues by repressing DR®.

HIF-1 does not mediate miR-17-5p induction during hypoxia/ischemia

After showing DR6 as a down-stream target gene of miR-17-5p (Figures 5, 6), we would
like to understand the up-stream mechanism that accounts miR-17-5p induction in renal IRI.
HIF-1 is considered to be the “master” transcription factor that regulates gene expression
under conditions of hypoxia and ischemia.22 In addition, HIF-1 has been reported to regulate
miR-17 in leukemic cells.23 Thus, we hypothesized that HIF-1 mediated miR-17-5p
induction during renal IRI and hypoxia of RPTC cells. To test this possibility, we initially
compared miR-17-5p induction by hypoxia in wild-type and HIF-1a-null mouse embryonic
fibroblasts (MEFs). As shown in Figure 7A, miR-17-5p expression increased in both wild-
type and HIF-1a-null cells, negating a role of HIF-1 in hypoxic induction of miR-17-5p. To
further test this in vivo, we took advantage of the proximal tubule specific HIF-1a knockout
mouse model that was established in our recent work.1® 17 The rationale was that miR-17-5p
was mainly induced in kidney proximal tubules (Figure 1B). As shown in Figure 7B,
miR-17-5p was induced in both wild-type and proximal tubule-HIF-1a-null mice,
irrespective of the HIF-1 status. Thus it was concluded that HIF-1 was not the key
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transcription factor responsible for miR-17-5p induction by hypoxia in vitro and renal IRI in
Vivo.

P53 binds to miR-17-5p gene promoter during hypoxia of renal tubular cells

P53 plays an important role in renal IR1.24 25 Such a conclusion was further established
recently by using renal tubule-specific p53-knockout (PT-p53-KO) mouse models.28: 27 In
these studies, we further identified multiple genes that are regulated by p53 in renal IRI and
may contribute to the pathogenesis.2® Is miR-17-5p subjected to p53 regulation? To address
this, we fist verified that p53 was induced or activated by hypoxia (1% oxygen) in vitro in
RPTC cells. As shown in Figure 8A, both total and phosphorylated p53 were induced by 6—
48 hours of hypoxia. We further used the JASPAR CORE 2016 database to conduct
bioinformatics analysis of the promoter region of rat miR-17-5p gene. Interestingly, there
appeared to be two miR-17 genes (miR-17-1 and miR-17-2) and both genes contained a
putative p53-binding site in their promoter regions (Figure 8B). Experimentally, we analyzed
the direct binding of p53 to the miR-17-1 and miR-17-2 promoter regions by chromatin
immunoprecipitation (ChlP) assay. As a positive control, p21 (known p53 target gene) was
used. As shown in Figure 8C, both predicted p53 binding sites showed significantly more
p53 binding in hypoxia-treated RPTC cells. The results implicate that p53 may mediate
miR-17-5p expression in hypoxia by direct transcriptional activation.

P53 mediates miR-17-5p induction during hypoxia of RPTC cells

To determine if p53 plays a role in miR-17-5p induction during renal hypoxia and IRI, we
initially tested the effect of pifithrin-a, a pharmacological inhibitor of p53. We first verified
the inhibitory effect of pifithrin-a on p53 in RPTC cells (Figure 9A). Further real-time PCR
analysis showed that pifithrin-a. blocked miR-17-5p induction during hypoxia of RPTC cells
(Figure 9B). To confirm this observation, we examined the stable RPTC cell line transfected
with p53 dominant-negative mutant (DN-p53). As shown in Figure 9D, 24 hours of hypoxia
treatment resulted in obviously miR-17-5p increase in wild-type (WT) cells, but the
induction was clearly blocked in DN-p53 cells (Figure 9C, 9D).

P53 is critical to miR-17-5p induction during renal IRI

Finally, we determined if miR-17-5p induction in renal IRI depends on p53. For this
purpose, we used the conditional knockout mouse model from our recent study, which had
specific p53 ablation from proximal tubules (PT-P53-K0).26 As expected, compared to wild-
type littermates (PT-P53-WT), PT-P53-KO mice showed marked lower p53 in kidney
cortical tissues regardless of renal IRI (Figure 10A). Importantly, 30 minutes of bilateral
renal ischemia with 48hours of reperfusion led to 2.5 fold increase in miR-17-5p, which was
reduced to less than 1.5 fold in PT-P53-KO tissues (Figure 10B). As before,26 PT-P53-KO
mice were partially protected from renal IRI as shown by the measurements of BUN and
serum creatinine (Figure 10C, 10D).

Discussion

MiRNAs are important post-transcriptional regulators of gene expression which mediate
various cellular activities and processes of homeostasis by repressing target genes. In the
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current study, we provide the first evidence of the regulation and functional role of
miR-17-5p in ischemic AKI. MiR-17-5p was up-regulated both in vivo in ischemia-
reperfused kidneys and in vitro during hypoxic incubation of cultured renal proximal tubular
cells. The miR-17-5p induction was shown to be mediated directly by p53, and not by
HIF-1. Upon induction, miR-17-5p may play a cytoprotective role for renal cell survival via
the suppression of DRG6.

miR-17, encoded by the miR-17-92 family cluster, has been reported to increase in response
to ischemia and hypoxia in cardiovascular system.28: 29 We and others also demonstrated
miR-17 up-regulation in ischemic AKI;15 30 however, it was unclear if miR-17-5p or
miR-17-3p or both are induced. During miRNA biogenesis, both strands (5p, 3p) are
produced and it is generally believed that one strand acts as the guidance strand to guide the
target MRNA into the RNA-induced silencing complex (RISC), whereas the other
(passenger) strand is degraded. Nonetheless, in some conditions, both strands are stable and
functional to target different mMRNAs. To verify the induction of miR-17 and identify its
functional form in ischemic AKI, we conducted quantitative real time PCR using specific
Tagman probes to miR-17-5a and -3a. The analysis revealed the induction of both
miR-17-5p and miR-17-3p during renal IRI (Figure 1 and data not shown). Further
functional study showed that inhibition of miR-17-5p by LNA increased apoptosis during
hypoxic incubation (Figure 2), whereas miR-17-3p-LNA had no effect (not shown).
Therefore, in the current study, we mainly focused on the regulation and function of
miR-17-5p in kidney IRI. Functionally, anit-miR-17-5p-LNA increased apoptosis during
hypoxic incubation (Figure 2), while miR-17-5p mimic suppressed apoptosis, supporting a
protective role of miR-17-5p. Consistently, the majority of the studies in cardiovascular
systems indicate that miR-17-5p may act as a pro-survival factor.28

In various pathological conditions, miR-17-5p may target a variety of downstream genes,
including those in the PTEN pathway, WNT/b-catenin pathway, PI3K/AKT pathway, and
MAPK/ERK pathways.31-34 In this study, we verified DR6 as a direct target of miR-17-5p
by various analyses, including miRNA target reporter luciferase assay. To our knowledge,
this is the first report of DR6 as a target of miR-17-5p. DR6, also known as tumor necrosis
factor receptor superfamily member 21 (TNFRSF21, belongs to the second group of death
receptor signaling complex. DR6 may trigger either apoptotic or survival signals by the
recruitment of different sets of molecules.3> When receptor-interacting protein (RIP) and
TNFR-associated death domain protein (FRADD) are recruited to the complex, DR6 along
with DR3 may trigger NF-xB signaling that promotes the expression of multiple survival
gene.38 On the contrary, when Fas-Associated Death Domain (FADD), procaspase-8/10 and
FLICE-inhibitory protein (FLIP) are recruited to form the complex, DR6 may activate the
downstream death signaling.3” Recent studies suggested the up-regulated endogenous DR6
during hypoxia could exacerbate neuritis damage and inhibition of DR6 could protect
neurons and axons from injury after ischemic stroke.38: 39 Consistently, in our study, ShRNA
knockdown of DR6 led to the protection of RPTC cells from apoptosis, suggesting that DR6
is pro-death in hypoxic renal tubular cells. Knockdown of DR6 also suppressed the basal
level of apoptosis in control cells. This effect in control cells is not surprising because DR6
is a member of TNF death receptor superfamily. In kidneys, it is interesting that the
induction of miR-17-5p occurred as early as 1day and lasted until 1 week after IRI, which
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correlated with DR6 inhibition (Figures 1, 5). The sustained expression changes may
promote cell survival against initial injury and may also contribute to the ensuing kidney
repair process. However, our study does not exclude the possible involvement of other
potential miR-17-5p targets, such as PTEN, janus kinase 1 (JAK1), signal transducer and
activator of transcription 3 (STAT3), Thioredoxin-interacting protein (Txnip)/apoptosis
signal-regulating kinase 1(ASK-1), which have been reported to function downstream of
miR-17-5p in different systems.40-43

HIF-1 and p53 are two of the major transcription factors activated during renal IRI that are
responsible for the induction of genes, including miRNAs. While the majority of HIF-1
responsive genes are cytoprotective or adaptive to hypoxic/ischemic stress, the induction of
injurious genes via HIF-1 have also been reported.22 HIF-1 transcriptionally regulates
miR-17-92 cluster in acute myeloid leukemia (AML).23: 44. 45 However, in our present study
HIF-1 deficiency did not affect miR-17-5p expression in either hypoxic renal tubular cells or
ischemic kidney tissues, by HIF-1 (Figure 7). Instead, we demonstrated that miR-17-5p
induction during hypoxia in vitro and renal IRI in vivo is dependent on p53 (Figures 9, 10).
CHIP assay further showed the binding of p53 on the gene promoter of miR-17 (Figure 7).
P53 is known as a critical pathogenic factor in renal IRI through its regulation of a myriad of
genes involved in tubular cell death, cell cycle arrest, and/or renal inflammation.24-27. 46 By
identifying miR-17-5p as a transcriptional target of p53 in renal hypoxia/IRI, our work adds
new insights into the understanding of p53 regulation in relevant disease conditions. miR-17
induction in renal IRI was largely, yet not completely, diminished in PT-p53-KO mice
(Figure 10B). The residual induction was most likely caused by the incomplete p53
knockout in the mouse model, which was established by crossing PEPCK-Cre mice with
p53-floxed mice. PEPCK-Cre was expressed in 70-80% proximal tubular cells and, in turn,
resulted in partial gene knockout. The 20-30% cells where p53 was not deleted may still
respond to renal IRI by inducing miR-17. Our results suggest the activation of p53/
miR-17-5p/DR6 axis as a protective pathway during hypoxic/ischemic renal injury. This is
somewhat surprising, because p53 is generally considered to contribute to tubular cell death
and tissue damage in renal IR1.24-27 However, in cell biology p53 is a stress responsive
transcription factor. Among all the genes regulated by p53, some are pro-death whereas
others may pro-survival. For example, p21 is a well-documented gene transcribed via p53
and in kidneys, p21 is induced to protect against acute injury.#’ In this study, we have
identified miR-17-5p as a new protective gene transcribed via p53. During renal IRI,
miR-17-5p is induced in tubular cells via p53 and upon induction, miR-17-5p may repress
DR-6 to inhibit apoptosis and promote cell survival during hypoxic/ischemic kidney injury.

Material and Methods

Animals and Renal Ischemia-Reperfusion

Proximal tubule-specific p53 or HIF-1a knockout mouse models were established by
crossing p53flox/flox or HIF1a floX/flox mice with PEPCK-Cre mice as described in our
previous work.1® 26 The transgenic mice and normal C57BL/6 mice were housed and
experiments conducted at Charlie Norwood Veterans Affairs Medical Center following a
protocol approved by the Institutional Animal Care and Use Committee (IACUC). Renal IRI
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was induced by bilateral clamping renal pedicles, the clamps were released for reperfusion
as detailed recently.1®> Sham animals were operated to expose the renal pedicles without
clamping.

In vivo miRNA Mimic Delivery

miRNA mimic (or scramble sequence oligos) for in vivo use was delivered by following the
protocol of the Invivofectamine 2.0 kit from Invitrogen. Briefly, 500uL of Invivofectamine-
mimic complex was prepared by mixing miRNA mimic/scramble oligo, complexation buffer
and Invivofectamine at the ratio of 1:1:2. The mixture was incubated at 50°C for 30 minutes
and then mixed with 14 volumes of PBS. The mixture was finally concentrated with
Millipore centrifugal filter device by 4,000g centrifugation at 4°C for 4 0 minutes. For in
vivo test, the Invivofectamine-mimic complex was injected to the mouse 24 hours before
ischemic surgery via tail vein at 20-40 uL/second at a total injection volume of 10 pL/g
body weight.

Cell Lines and Hypoxia Treatment

The rat kidney proximal tubular cell (RPTC) line was originally obtained from Dr. Ulrich
Hopfer at Case Western Reserve University. Wild-type (WT) and dominant-negative mutant
(DN-p53) RPTC were prepared in our previous study.*® Wild-type (HIF-1a+/+) and
HIF-1a-null mouse embryonic fibroblasts (MEFs) were prepared as previously.'® To
establish DR6 knockdown stable RPTC cells, DR6-shRNA was purchased from Origene
Technologies (Rockville, MD) to transfect into RPTCs by using Lipofectamine LTX (Life
Technologies, Grand Island, NY), and then cells were selected by puromycin for two weeks.
The knockdown effect was confirmed by immunoblotting using anti-DR6 antibody (Santa
Cruz Biotechnology, TX). For hypoxia treatment, cells were plated overnight and then
changed for pre-equilibrated medium incubated in hypoxia chamber with 1% oxygen for
experimental time periods.

Morphological Analysis of Apoptosis

Apoptosis was examined morphologically as described previously1®. Briefly, cell nuclei was
stained with 10pg/ml of Hoechst 33342 for 2-3 minutes, the typical apoptotic cells including
cellular shrinkage and nuclear condensation and fragmentation were monitored by phase-
contrast and fluorescence microscopy. For quantification of apoptosis, three fields with
approximately 200 cells of each dish were checked to estimate the percentage of apoptosis,
and each experiment was repeated for three times.

Analysis of Renal Function and Histology

Renal function was monitored by measuring blood urea nitrogen (BUN) and serum
creatinine as previously4®: 30, Briefly, blood samples were collected and centrifuged to
separate serum. The BUN and serum creatinine were measured by using the commercial Kits
from Biotron Diagnostics Inc (Hemet, CA) and Stanbio Laboratory (Boerne, TX),
respectively. Kidney tissue damage and apoptosis were examined by Hematoxylin-eosin
(H&E) and Terminal transferase-dUTP nick-end labeling (TUNEL) assay as described in
our recent work®9-52, Briefly, tissues were fixed with 4% paraformaldehyde and embedded
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in paraffin. Each sample was sectioned at 4um and deparaffinized with standard protocol,
then stained with standard H&E or TUNEL procedures. Renal tubular damage was indicated
by tubular dilation, brush border loss, protein/cell cast formation, and tubular degeneration.
Samples were blind evaluated to determine the percentage of tubular damage. For apoptosis
evaluation, 10-20 fields were randomly selected in each sample to count positive staining
cells using an Axioplan2 fluorescence microscope.

Real-time PCR Analysis of miRNA

Total RNAs were extracted from cells and kidney tissues by using the mirVana kit (Ambion,
Austin, TX). The miRNA Reverse Transcription kit (Applied Biosystems) was used for
reverse transcription of RNA into cDNA. Then Tagman probes were used for real-time
quantitative PCR by using Tagman miRNA assay kit (Applied Biosystems). Fold change
were quantified using 2-AACt values.

In Situ Hybridization (ISH) of miRNA

In situ hybridization was performed by following the standard protocol of the IsHyb ISH kit
from BioChain. Briefly, 7um frozen sections of kidney tissue were prepared and fixed with
4% paraformaldehyde at room temperature for 20 minutes. The sections were de-proteinated
with 10pg/ml proteinase-K at 37°C for 10 minutes. The sections were pre-hybridized in
prehybridization solution for 3 hours at 76°C. The hybridization was then performed at 76°C
overnight with 50nM miRCURY LNA detection probe sequence as 5'-3'/5DigN/TAC CTG
CAC TGT AAG CAC TTTG (Exiqon). After stringent washes with 2x SSC,1x SSC at 73°C
for 10 minutes, and twice of 0.2xSSC at 37°C for 20 minute s, the sections were incubated
with blocking solution at room temperature for 1 hour and further incubated with anti-DIG
alkaline phosphatase conjugated antibody (1:100 in blocking solution) at 4°C overnight. The
sections were washed with 1xPBS and alkaline phosphatase buffer, and then the detection
was performed by using NBT/BCIP solution.

ChlIP Assay of P53 Binding to miR-17-5p Promoter

ChIP assay was conducted to analyze the binding of p53 to miR-17-5p promoter region by
using R&D Systems assay kit (Minneapolis, MN). Briefly, cultured cells were fixed with 1%
formaldehyde to collect cell lysate and shear chromatin by sonication for
immunoprecipitation with anti-p53 antibody. The resultant of immunoprecipitation was
subjected to real-time PCR for amplification of putative p53 binding sequence and positive
control gene p21 by using specifically designed primers.

Luciferase Reporter Assay

The synthesized forward and reverse sequences, including miR-17-5p-binding site in DR6
3’UTR, were annealed and then inserted into pMIR- REPORT luciferase miRNA
Expression Reporter Vector (Applied Biosystems) between Hindlll and Spel sites. HEK293
cells were co-transfected with the subcloned construct or non-targeting control vector along
with miR-17-5p mimic or scrambled-sequence oligonucleotide. A pMIR- REPORT B-gal
designed plasmid was used for transfection normalization. Cell lysate was collected after
24hours of transfection to proceed to luciferase assay measurement.
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Bioinformatics Analysis of Regulatory Element and Target of miRNA

Two algorithms were used to predict targets of miR-17-5p computationally, including
miRanda 2010 database (http://www.microrna.org/microrna/searchMirnas) and Targetscan
7.0 (http://lwww.targetscan.org/). JASPAR CORE 2016 (http://jaspar.genereg.net/) was used
to analyze the regulatory element of miR-17-5p host gene promoter region to identify the
putative p53-binding sites.

Immunoblot Analysis

Immunoblot analysis was carried out following a standard protocol. Briefly, the whole cell
lysate was collected by using 2%SDS buffer. The same amount (30ug) of protein samples
were resolved by SDS-PAGE gel and then transferred to PVDF membrane. The blots were
blocked in 5% non-fat milk for 1hour before incubated in primary and secondary antibodies
subsequently. The antibodies were purchased from the following sources: anti-DR6 from
Santa Cruz Biotechnology; anti-p53, anti—-phospho-p53 (serine-15) and anti-caspase-3 from
Cell Signaling Technology; anti-B-actin and cyclophilin B from Sigma-Aldrich.

Statistical Analysis

Quantitative values were expressed as mean + standard deviation (SD) (n=3). Statistical
differences were determined using the Student’s #test with Microsoft EXCEL 2010. A<0.05
was considered statistically significant.
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miR-17-5p is up-regulated during renal IRI in vivo and hypoxia in vitro
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Figure 1. miR-17-5p is up-regulated during renal IRI in vivo and hypoxia in vitro
(A) miR-17-5p induction in severe renal IRI. Total RNA samples were extracted from

kidney cortex of C57BL/6 mice that had been subjected to 30 minutes of bilateral renal
ischemia with 12 hours (130/12h) or 48 hours (130/48h) of reperfusion, or sham surgery
(sham). MiR-17-5p level was analyzed by quantitative real-time PCR that showed a
significant up-regulation at 130/48h. Data were shown as mean+SD (n=3), *P<0.05 versus
sham. (B) In situ hybridization analysis for miR-17-5p. C57BL/6 mice were subjected to 30
minutes of bilateral renal ischemia with 48 hours of reperfusion (130/48h) or sham surgery
as control to collect frozen sections of kidney tissues. The tissues were analyzed using
double-digoxigenin-labeled specific miR-17-5p probe for In situ hybridization.
Representative images of each group with 100x and 200x were shown to indicate marked
increases of miR-17-5p in renal tubules. (C) miR-17-5p induction in moderate renal IRI.
Total RNA samples were extracted from kidney cortex of C57BL/6 mice that had been
subjected to 25 minutes of bilateral renal ischemia with reperfusion for 1 day (135/1d), 3
days (125/3d), 5 days (125/5d), and 7 days (125/7d), or sham surgery (sham). Data were
shown as meanzSD (n=3), *P<0.05 versus sham. (D) miR-17-5p induction in cultured renal
proximal tubular cells (RPTC) under hypoxia. RPTC cells were incubated under normoxia
or hypoxia (1% oxygen) for 6-48 hours. Total RNA samples were extracted for quantitative
real time PCR showing the significant induction of miR-17-5p at 24 hours after hypoxia
treatment. Data were shown as mean+SD (n=3), *P<0.05 versus 0 hour.
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Anti-miR-17-5p LNA exacerbates renal tubular cell apoptosis in hypoxia
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Figure 2. Anti-miR-17-5p LNA exacerbates renal tubular cell injury under hypoxia
RPTC cells were transfected with 200nM scramble sequence or anti-miR-17-5p LNA and

then incubated in normoxia (control) or hypoxia (1% oxygen) for 48 hours. (A)
Representative images to show the cell morphology and nuclear staining of RPTC cells
(scale bar is 200 um). (B) Percentage of RPTC apoptosis by morphological evaluation. Data
were expressed as meantSD (n=6). (C) Enzymatic assay of caspase activity. Data were
expressed as mean+SD (n=3), *P<0.05 versus normoxia control, #P<0.05 versus scrambled
LNA transfection with hypoxia.
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miR-17-5p mimic suppresses tubular cell apoptosis in hypoxia
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Figure 3. miR-17-5p mimic suppresses tubular cell apoptosis in hypoxia
RPTC cells were transfected with 200nM miR-17-5p mimic or scrambled oligonucleotides,

and then incubated in normoxia (control) or hypoxia (1% oxygen) for 48h. (A)
Representative images to show the morphology and nuclear staining of RPTC (scale bar is
200 pm). (B) Percentage of RPTC apoptosis by morphology evaluation. Data were
expressed as mean+SD (n=4), *P<0.05 versus normoxia control, #P<0.05 versus scrambled
transfection with hypoxia. (C) Immunoblot analysis of caspase-3 cleavage. Whole cell lysate
was collected from RPTC cells with miR-17-5p mimic or scrambled oligonucleotides or
reagent alone (mock) transfection under normoxia or hypoxia condition for immunoblotting.
Caspase-3 cleavage was significantly inhibited by miR-17-5p transfection. p-actin was used
as internal control.
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Figure 4. miR-17-5p mimic protects against renal IRI
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C57BL/6 mice were injected with scramble oligo or miR-17-5p mimic, and then subjected
to 30 minutes of bilateral renal ischemia followed by 48 hours of reperfusion. (A) BUN. (B)
Serum creatinine at 48 hours of reperfusion (n=5). *P<0.05 versus scramble oligo group. (C)
Representative images of hematoxylin and eosin staining to show kidney tissue damage.
Scale bar, 200 um. (D) Percentage of tubular damage after 30 minutes of ischemia with 48
hours of reperfusion (n=5). *P<0.05 versus scramble oligo group. (E) Representative images
of TUNEL staining to show apoptosis in kidney tissues. Scale bar, 200um. (F) Apoptotic
cell numbers per mm square of kidney tissue (n=5). *P<0.05 versus scramble oligo group.
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miR-17-5p targets Death Receptor 6 during renal IRl and hypoxia of RPTC
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Figure 5. miR-17-5p targets Death Receptor 6 during renal IRl and hypoxia of RPTC
(A) The conserved, putative miR-17-5p binding sequence in 3"UTR of DR6 mRNA. (B)

Immunoblot analysis of DR6 in mice. C57BL/6 mice were subjected to sham operation or
25 minutes of bilateral kidney ischemia followed by 1, 3, 5, 7 days of reperfusion. Kidney
cortical tissues were extracted to analyze DR6 by immunoblotting. Cyclophilin B was used
as internal control. For quantification, the DR6 bands were analyzed by densitometry and
expressed as the ratio over cyclophilin B. (C) Immunoblot analysis of DR6 in renal proximal
tubular cells. RPTC cells were transfected with miR-17-5p mimic or anti-miR-17-5p LNA;
the scrambled RNA oligo or LNA was used as control, respectively. The whole cell lysates
were collected after transfection for 24 hours or 48 hours for immunoblot analysis of DR6
and cyclophilin B as internal control. . (D) Immunoblot analysis of DR6 in mice injected
with miR-17-5p mimic or negative control oligo. The treated mice were subjected to sham
surgery or 30 minutes of bilateral renal ischemia and 48 hours of reperfusion. Kidney
cortical tissue protein lysate was extracted to analyze DR6 expression by immunoblotting.
CyclophilinB level was used as internal control. (E) Target of DR6 3"-UTR by miR-17-5p.
The putative miR-17-5p binding sequence was inserted into pMIR-REPORT plasmid and
then transfected into HEK cells. The cells were co-transfected along with miR-17-5p mimic
or scrambled miRNA. B-gal reporter plasmid was also transfected for normalization. The
luciferase activity was measured to show the inhibition effect of miR-17-5p. Data were
expressed as mean+SD (n=5), *P<0.05 versus control empty vector co-transfected with
scrambled sequence.
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DR6 Knockdown attenuates hypoxia-induced apoptosis in renal tubular cells
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Figure 6. DR6 knockdown attenuates hypoxia-induced apoptosis in renal tubular cells
(A) Immunablot to show DR6 down-regulation by shRNA. RPTC cells were stably

transfected with DR6-shRNA or scrambled control plasmids. The whole cell lysates were
analyzed for DR6 by immunoblotting with cyclophilin B as internal control. (B), (C) Both
DR6 knockdown and scrambled control RPTC cells were incubated in normoxia (control) or

hypoxia (1% oxygen) for 48 hours. The percentage of apoptosis was evaluated

morphologically (B). Data were expressed as mean+SD (n=3), *P<0.05 versus normoxia
control, #P<0.05 versus scrambled control transfection. (C) Representative images to show

the cell morphology and nuclear staining (scale bar-200 um).
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HIF-1 does not mediate miR-17-5p induction during hypoxia/ischemia
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Figure 7. HIF-1 does not mediate miR-17-5p induction during hypoxia/ischemia

(A) miR-17-5p expression induced by hypoxia in both wild-type (WT) and HIF-1a—
deficient MEF cells. The cells were incubated in hypoxia or normoxia condition for 24 hours
to isolate RNA for real-time PCR analysis of miR-17-5p. Data were expressed as mean+SD
(n=3), *P<0.05 versus normoxia control. (B) miR-17-5p induction in kidney cortex by renal
ischemia-reperfusion in proximal tubule HIF-1a knockout (PT-HIF-1a KO) mice and their
wild-type littermates. The mice were subjected to bilateral renal ischemia 30 minutes
followed by reperfusion of 12 or 48 hours. RNA samples were extracted from the kidney
cortical tissues for quantitative real-time PCR analysis of miR-17-5p. All data were
expressed as mean+SD (n=3). *P<0.05 versus sham control.
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P53 binds to miR-17-5p gene promoter during hypoxia of renal tubular cells
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Figure 8. P53 binds to miR-17-5p gene promoter during hypoxia of renal tubular cells
(A) P53 activation during hypoxic injury. RPTC cell lysates were collected at O — 48 hours

of incubation in hypoxia (1% oxygen) for immunoblot analysis of p53 and phospho-p53
(serine-15). Cyclophilin B was used as internal control. For quantification, p53 and p-p53
bands were analyzed by densitometry and expressed as the ratio over cyclophilin B. (B) The
putative p53 binding sequence in miR-17 promoter region. (C) P53 binds to miR-17-5p
promoter DNA during hypoxia. PRTC cells were incubated under normoxia or hypoxia for
24 hours to collect the chromatin for immunoprecipitation of p53. The immunoprecipated
samples were subjected to real-time PCR analysis of miR-17-1 and miR-17-2 promoter
sequences. The p53 binding site in p21 promoter was used as positive control. Data were
expressed as mean+SD (n=3), *P<0.05 versus normoxia.
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Figure 9. p53 mediates miR-17-5p induction during hypoxia of RPTC cells
(A), (B) RPTC cells were cultured under normoxia or hypoxia condition with/without

pifithrina.. (A) Effect of pifithrina on p53. The whole cell lysates were collected from RPTC
cells and analyzed by immunoblotting with cyclophilin B as internal control. (B) Effect of
pifithrina on miR-17-5p expression. The total RNA samples were extracted from RPTC
cells for real-time PCR analysis of miR-17-5p. Data were presented as fold change mean
+SD (n=3), *P<0.05 versus hormoxia control. (C), (D) RPTC cells with p53 dominant
negative mutant (DN) stable expression or the wild type control (WT) were incubated under
normoxia or hypoxia. (C) Immunoblot analysis of p53 and dominant negative-p53 (DN-
P53). The whole cell lysates were collected for immunaoblotting to detect total p53 and DN-
p53 by using specific antibody to HA tag. p-actin was used as internal control. (D) Effect of
DN-p53 on miR-17-5p. The total RNA samples were extracted for real-time PCR analysis of
miR-17-5p to compare the fold change after 24 hours of hypoxia treatment. Data are
expressed as mean+SD (n=3), *P<0.05 versus normoxia control, # P<0.05 versus WT
hypoxia treatment.

Kidney Int. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

BUN (mg/dL)

Page 22

P53 is critical to miR-17-5p induction during renal IRI
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Figure 10. P53 is critical to miR-17-5p induction during renal IRI
(A) Proximal tubule p53 wild-type (PT-P53-WT) and proximal tubule p53 knockout (PT-

P53-KO) mice were subjected to bilateral renal ischemia for 30 minutes followed by 48
hours of reperfusion. Whole tissue lysates from kidney cortex were prepared for immunoblot
analysis of p53. (B) Total RNA samples extracted from kidney cortex were prepared for real-
time PCR analysis of miR-17-5p expression. The results show that miR-17-5p expression
was significantly induced during renal IRI and this induction was suppressed in proximal
tubule p53 knockout mice. (C) BUN of PT-P53-WT and PT-P53-KO mice. (D) Serum
creatinine of PT-P53-WT and PT-P53-KO mice. *p<0.05 vs. PT-P53-WT control; # p<0.05

vs. PT-P53-WT Ischemia.
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