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Abstract

The epithelial sodium channel (ENaC) is expressed in the epithelial cells of the distal convoluted
tubules, connecting tubules, and cortical collecting duct (CCD) in the kidney nephron. Under the
regulation of the steroid hormone aldosterone, ENaC is a major determinant of sodium (Na*) and
water balance. The ability of aldosterone to regulate microRNAs (miRs) in the kidney has recently
been realized, but the role of miRs in Na* regulation has not been well established. Here we
demonstrate that expression of a miR cluster mmu-miR-23-24-27, is upregulated in the CCD by
aldosterone stimulation both in vitro and in vivo. Increasing the expression of these miRs
increased Na* transport in the absence of aldosterone stimulation. Potential miR targets were
evaluated and miR-27a/b was verified to bind to the 3”-untranslated region of intersectin-2, a
multi-domain protein expressed in the distal kidney nephron and involved in the regulation of
membrane trafficking. Expression of I1tsn2 mRNA and protein was decreased after aldosterone
stimulation. Depletion of Itsn2 expression, mimicking aldosterone regulation, increased ENaC-
mediated Na* transport, while 1tsn2 overexpression reduced ENaC’s function. These findings
reinforce a role for miRs in aldosterone regulation of Na* transport, and implicate miR-27 in
aldosterone’s action via a novel target.

Short, non-coding RNAs termed microRNAs (miRs) bind predominantly to the untranslated
regions (UTRs) of target MRNAs to decrease target protein expression (Lewis et al., 2003,
2005; Abbott et al., 2005). In the kidney, miRs have been shown to regulate or be involved in
kidney development (Ho et al., 2008, 2011; Agrawal et al., 2009; Pastorelli et al., 2009; Chu
et al., 2014), kidney cancers (Abdelmohsen et al., 2010; Powers et al., 2011; Wei et al.,
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2013), diabetic nephropathy (Kato et al., 2007, 2010; Krupa et al., 2010), polycystic kidney
disease (Pandey et al., 2008, 2011), fibrotic kidney disease (Kato et al., 2009; Krupa et al.,
2010; Qin et al., 2011; Zhong et al., 2011), and acute kidney injury (Harvey et al., 2008; Ho
et al., 2008; Shi et al., 2008; Wei et al., 2010; Lorenzen et al., 2011). miRs also play a
significant role in kidney maintenance and normal kidney physiology (Sequeira-Lopez et al.,
2010; Mladinov et al., 2013). Recent evidence suggests that miRs may be important
intermediaries in the hormonal signaling cascades that alter ion transport in both the airway
(Qietal., 2015; Qin et al., 2016) and the kidney (Elvira-Matelot et al., 2010; Sober et al.,
2010; Robertson et al., 2013; Edinger et al., 2014; Butterworth, 2015; Jacobs et al., 2016).

The mineralocorticoid hormone aldosterone is released from the adrenal glands as the final
signaling product of the renin-angiotensin-aldosterone system (RAAS) in a homeostatic
response to decreased plasma sodium (Na*) levels or reduced plasma volume (Pacha et al.,
1993; Loffing et al., 2001). The renal consequence of increased circulating aldosterone
levels is an increase in Na* reabsorption in the kidney distal nephron, predominantly through
an increase in the activity of Na* transporters in these distal nephron segments (Verrey,
1995; Asher et al., 1996). This in turn increases Na* and osmotic water reabsorption to
regulate plasma fluid volume and therefore blood pressure (Campese and Park, 2006; Hsueh
and Wyne, 2011). Aldosterone binds to the mineralocorticoid receptor (MR) which initiates
translocation of the MR complex to the nucleus, where it interacts with mineralocorticoid
response elements (MRESs) found within the promoter region of hormone-induced genes
including miRs, to alter gene expression. In the principal cells, of the kidney cortical
collecting duct (CCD) aldosterone modulates the expression of a number of proteins,
including the epithelial sodium channel (ENaC), that ultimately lead to an increase in Na*
uptake (Muller et al., 2003; McCormick et al., 2005; Martel et al., 2007). Aldosterone
exhibits differential regulation of targets in different epithelia, suggesting the possibility that
MREs are differentially targeted, or that there is an additional intermediate regulatory step in
the MR signaling cascade (Spindler et al., 1997; Verrey et al., 2007). One such intermediate
is miR regulation. While miRs differ significantly in their tissue distribution (Farh et al.,
2005; Landgraf et al., 2007), we previously demonstrated that aldosterone regulates miRs in
CCD principal cells with the change in expression of at least 20 miRs including the
upregulated miRs investigated in this study (Edinger et al., 2014). Our previous work
reported on the roles of the downregulated miRs in Na* regulation, but no information is
currently available describing a role for the miRs that are induced by aldosterone in the
distal kidney nephron, or the impact of these aldosterone-induced miRs on Na* transport in
the Kidney. While we observed a number of miRs whose expression was increased in
response to aldosterone, two miR clusters were coordinately induced and comprise the
members of the miR-23-24-27 family. Exogenous overexpression of miR-27 in mCCD cells
increased the activity of the epithelial sodium channel (ENaC) in the absence of aldosterone
stimulation. In silico target prediction provided a number of possible miR-27 target proteins
which were screened in a mouse CCD (mCCD) cell line, including intersectin-2 (Itsn2).
Itsn2 is regulated by both a change in miR-27 levels, or with aldosterone stimulation.
Changes in Itsn2 expression were able to alter ENaC function and Na* transport in mCCD
cells. This study reinforces an important role for miRs as a new element in the RAAS
signaling cascade that maintains Na* transport in the kidney.
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Materials and Methods

Antibodies and reagents

All chemicals were purchased from Sigma—Aldrich (St. Louis, MO) or Thermo Fisher
(Pittsburgh, PA) unless noted otherwise. Antibodies used are as follows: anti-Dicer (rabbit
polyclonal, Biovision, San Francisco, CA), anti-B-Actin (mouse, monoclonal, Sigma—
Aldrich), anti- 1tsn2 (goat polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA and rabbit
polyclonal, Novus Biologicals, Littleton, CO), GFP (Rabbit polyclonal, Invitrogen/Thermo
Fisher, Carlsbad, CA), and Agp2 (rabbit, polyclonal, Calbiochem cat #KP9201, now EMD
Millipore, Temecula, CA).

Mice and metabolic experiments

Cell culture

C57BI/6 2-month-old mice (n = 8) (obtained from Charles River Laboratories, Wilmington,
MA) were fed in their home cage with standard diet (0.25% sodium) for 7 days, and were
placed in metabolic cages for two 24 h periods to determine water and food consumption,
urine and feces excretion, and collect urine. These mice were then switched to a low salt diet
(0.01-0.02% sodium, Sodium Deficient Diet, Harlan, Frederick, MD) for 7 days, and placed
in metabolic cages for two 24 h periods to monitor the same metabolic parameters a
described before (Edinger et al., 2014). Kidneys and blood samples were collected from the
animals. An equal number of animals were fed with a low salt diet first for 7 days, placed in
metabolic cages for twice for 24 h, switched to standard diet for 7 days, and then placed in
metabolic cages for twice for 24 h. Urine (n = 8 for each group) and plasma (n = 4 for each
group) samples were sent to Kansas State University Veterinary Diagnostic Laboratories,
Clinical Pathology Laboratory (Manhattan, KS) to determine urine and plasma electrolytes
and osmolality. All animals were housed in the vivarium at Rangos Research Center at
Children’s Hospital of Pittsburgh of UPMC, Pittsburgh, PA, and all animal experiments were
carried out in accordance with the policies of the Institutional Animal Care and Use
Committee at the University of Pittsburgh.

The mCCDc11 cells (kindly provided by B. Rossier and L. Schild, Université de Lausanne,
Lausanne, Switzerland) were grown in flasks (passages 30-40) in defined (supplemented)
medium at 37°C in 5% CO>, as described previously (Edinger et al., 2012, 2014). The
medium was changed every 2nd day. For electrophysiological experiments, the mCCD cells
were subcultured onto permeable filter supports (0.4 um pore size, 0.33 or 4 cm? surface
area; Transwell, Corning, Lowell, MA). Typically, 24 h before use in any investigation,
medium incubating filter-grown cells was replaced with a minimal medium (without drugs
or hormones) that contained DMEM and Ham F12 only. HEK-293 cells (from ATCC) were
grown in flasks in DMEM (Invitrogen) supplemented with 10% FCS.

Plasmid construction

The 3" UTR of Itsn2 was obtained from cDNA clone IMAGE:4506047. Primer pairs
containing a sequence-specific primer (5° TCTCGAGGGCCTGGGGAAGCCAGAAC-3’
forward) which incorporated a Xhol site at the 5 end and a vector specific primer T7
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(reverse) were used to amplify the UTR which was sub-cloned into pCR-blunt (Invitrogen).
The resulting 906bp UTR represents the 3" UTR starting with the nucleotide after the
termination codon of Itsn2 and extending to the beginning of the polyadenylation tail. The
resulting construct was digested with Xhol and Notl restriction endonucleases to release the
3 UTR. The fragment was cloned into the Xhol/Notl restriction sites of pMir-Glo. The
putative miR-27 site, located at position575-596 bp away from theterminationcodon, was
mutated by PCR to eliminate the site. The sequences for the mutagenesis were as follows 5
fragment (5"-GAGAATTCATCAAGCTTTCCTCCTTATATTC-3” forward and 5’-
GCAAGATCGCCGTGTAA TTCTAG-3" reverse); and 3" fragment (5”-
GCGTAAGGAGAAAATACCGCATC-3" forward and 5'-
CAGAATTCTCTAATAATGTGGGGATATTTTTCAAC-3’ reverse). The fragments were
digested with EcoRI and ligated using T4 DNA ligase (New England Biolabs, Ipswich,
MA\). The resulting fragment was digested with Xhol/Notl and cloned into the Xhol/Notl
restriction sites of pMir-Glo. All constructs were sequenced (GeneWiz, South Plainfield, NJ)
to verify constructs and deletions.

Immunofluorescence imaging

Kidneys collected from standard and low salt diet treated mice were fixed with
paraformaldehyde buffer (4% in PBS at pH of 7.4) overnight at 4°C, cryoprotected with
30% sucrose/PBS overnight at 4°C, and embedded in O.C.T (Scigen, Gardena, CA) for
cryosectioning. Eight micrometer cryosections used for the co-immunofluorescence were
permeabilized with PBS containing 0.1% Tween20 for 5 min, blocked with 1%BSA in PBS
containing 0.05% Tween20 for 30 min and incubated with primary anti-Itsn2 antibody and
primary anti-Agp2 (1:100) overnight at 4°C in block buffer. Sections were washed three
times with PBS containing 0.05% Tween20 and incubated with secondary antibodies (1:200,
Alexa-488 and Alexa-594; Jackson ImmunoResearch) in block buffer for 1 h at room
temperature. Following a final PBS + Tween20 wash (three times), nuclei were
counterstained using DAPI and mounted with coverslip using Fluorogel (Electron
Microscopy Sciences). Images were acquired with a Leica DM2500 microscope equipped
with a Qimaging QICAM Fast 1394 camera.

CCD cells treated with or without aldosterone (50 nM, 24 h) were fixed in a cold (4°C)
paraformaldehyde buffer (4% in PBS at pH of 7.4). Following 45 min of fixation at 4°C,
cells were washed in cold PBS with 1 mM calcium and 0.5 mM magnesium (+CM) three
times, and permeabilized in PBS containing 0.1% Triton-X and 0.1% NP-40. Cells were
incubated with primary anti-ltsn2 antibody (goat antibody at 1:50 dilution) for 12 h in PBS
with 10% skim milk at 4°C. Cells were washed three times in PBS + CM and incubated with
a secondary antibody (1:1000, Alexa-488; and Alexa-568 tagged phalloidin; Invitrogen) for
3 hat 37°C. Following a final PBS + CM wash (three times), nuclei were counterstained
using 10 nM Hoechst 33342 (Trihydrochloride; Invitrogen). Cells were washed in PBS +
CM (three times) and mounted onto slides using Fluoromount-G (Southern Biotech,
Birmingham, AL) for imaging, as previously described (Edinger et al., 2014). Images were
captured using a Nikon A1 confocal microscope using a Plan Apo VC60x, 1.4 numerical
aperture oil objective and Nikon Elements AR software (Nikon, Tokyo, Japan) at the
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University of Pittsburgh Center or Biologic Imaging. Linear adjustments of brightness and
contrast were made offline in MetaMorph (Molecular Devices, Sunnyvale, CA).

Short-circuit current recordings

Inserts were mounted in modified Ussing chambers (P2300; Physiologic Instruments, San
Diego, CA) and continuously short circuited with an automatic voltage clamp (VCC MCS;
Physiologic Instruments) as described previously (Edinger et al., 2012, 2014). The apical
and basolateral chambers each contained 4 ml of Ringer solution (120 mM NaCl, 25 mM
NaHCO3, 3.3 mM KH,POy4, 0.8 mM KyHPOy, 1.2 mM MgCl,, 1.2 mM CaCly, and 10 mM
glucose). Chambers were constantly gassed with a mixture of 95% O,, 5% CO, at 37°C,
which maintained the pH at 7.4 and established a circulating perfusion bath within the
Ussing chamber. Simultaneous transepithelial resistance was recorded by applying a 2-mV
pulse per minute via an automated pulse generator. Recordings were digitized and analyzed
using PowerLab (AD Instruments, Colorado Springs, CO).

Transfections: RNA interference, miRNA overexpression, and depletion

A number of DNA plasmids and RNA oligonucleotide constructs were transiently
transfected into the mCCD and HEK293 cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions and as described previously (Edinger et al.,
2012, 2014). The sequences for siRNA and all primers are listed in Supplemental Table S1.
Double-stranded RNA miR mimics (miRIDIAN microRNA Mimics) were obtained from
Thermo Fisher Scientific. To assay mimic delivery and transfection efficiency, non-targeting,
fluorescently labeled control mimics were used (Thermo Fisher Scientific). To inhibit
processing to mature miRs and reduce endogenous miR expression, LNA oligonucleotides
targeting the miRs along with non-targeting LNA controls were obtained from Exiqon, Inc.
(Woburn, MA).

Dual luciferase assays

HEK cells were transfected with pMIR-Glo containing Itsn2 wt or mutant 3° UTR with or
without miR mimics as described above. The following day the cells were sub cultured to a
white 96-well plate (Falcon, Thermo Fisher) and returned to the incubator. After 24 h,
luciferase activity was determined using the Dual-Glo Luciferase Assay System (Promega,
Madison, WI) according to the manufacturer’s protocol. Bioluminescence activity was
recorded as an endpoint assay on a Synergy 1H plate reader (BioTek Instruments, Winooski,
VT), with an integration time of 100 ms at a sensitivity of 200. The same plasmids were
transfected in mCCD cells alone, or with miR-27a mimics (as above). Dual luciferase assays
of mCCD cells on filters were carried out in 24-well plates as described before (Edinger et
al., 2014).

RNA isolation and microarray analysis

RNA from cultured or primary CCD cells was isolated using the miRNeasy RNA isolation
kit (Qiagen, Germantown, MD) according to the manufacturer’s protocol. The kit facilitated
isolation of both miRNA and total RNA from each sample for use in qRT-PCR, RT-PCR,
and microarray analysis. Total RNA (containing miRNAS) concentration and quality were
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evaluated for inclusion in subsequent in vitro transcription assays based on a
spectrophotometric absorption ratio of 260/280 >1.8 (NanoDrop, Wilmington, DE) and an
RIN (RNA integrity number) value of >5.0 via electrophoretic analysis (Agilent Bioanalyzer
2100; Agilent Technologies, Santa Clara, CA). Direct labeling of the miRNA using the
Exigon miRCURY LNA Hy3 Power Labeling Kit (Exiqon, Inc.) was performed on five
paired expansions of mCCD cells cultured under standard conditions (n = 5) or after 24 h of
50 nM aldosterone treatment (n = 5) as described previously (Edinger et al., 2014). Briefly, 1
ug of total RNA from each sample was incubated with Calf Intestinal Phosphatase (4 ul
reaction volume) at 37°C for 30 min in an Eppendorf Thermostat Plus heat block
(Eppendorf Inc., Hauppauge, NY). The samples were then denatured at 95°C for 5 min.
Labeling Enzyme and Hy3 fluorescent label (Exiqon, Inc.) were added to each sample (12.5
ul final volume) for incubation at 16°C for 1 h, followed by 15 min at 65°C. Hybridization
buffer was added to each sample to a 400 ul volume, followed by denaturation at 95°C for 2
min before manual hybridization on Exigon miRCURY LNA HSA, MMU, RNO spotted
nucleotide arrays (Homo sapiens, Mus musculus, and Rattus norvegicus). For each sample,
an Agilent gasket slide (one microarray per slide format, part #G2534-60003; Agilent
Technologies) was placed in an Agilent hybridization chamber and the entire sample was
pipetted onto the gasket slide. The Exigon array was then placed onto the gasket slide with
the probe side facing down. The loaded hybridization chambers were clamped closed and
placed into the hybridization oven for overnight incubation (18 h at 56°C and 20 rpm).

The arrays were manually washed using CodeLink Parallel Processing Kits (Applied
Microarrays Inc., Tempe, AZ) with Exigon miRCURY LNA array Washing Buffer Kit
(Exiqon, Inc.) according to the manufacturer’s specifications. The arrays were scanned on an
Axon GenePix 4000 B scanner (Molecular Devices Inc., Sunnyvale, CA) (settings: pixel
size, 5 um, 635 photomultiplier tube 600, 635 power 100, 532 photomultiplier tube 650, 532
power 100) and analyzed using GenePix Pro 6.0 software (Molecular Devices Inc.) with
annotation of sequences from Sanger miRBase version 11.0. Local background subtraction
was applied to each probe before averaging target replicates, and these values were
compared with a threshold value determined from “negative” probes distributed throughout
the array. Data from the 10 arrays were quantile normalized followed by testing for
statistical differences using the paired #test function (false discovery rate <0.05) in the
Significance Analysis of Microarrays software (SAM version 4.0.79).

Primers and primer pairs used for all PCRs are listed in Supplemental Table S1. For qRT-
PCR of miRNA, the nCode Express SYBR-Green miRNA with ROX qRT-PCR kit was used
for reverse transcription and first-strand DNA synthesis (Invitrogen). For all miRNA gPCRs,
the miRNA-specific forward primers were paired to a universal reverse primer per the
manufacturer’s protocol. Real-time PCR was carried out using an Applied Biosystems
7900HT Fast Real-Time PCR System (Applied Biosystems, Life Technologies, Grand
Island, NYY). Detected signals from miR amplifications were normalized to the relative
expression of small nucleolar RNA (SNO-202 and SNO-135) with each reaction/sample run
in triplicate. Negative controls included no template and no primer omissions. The standard
gPCR protocol is provided in Supplemental Table S1. For g°PCR of MRNA, primer pairs
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were used as listed (Supplemental Table S1), using the Express SYBR-Green with ROX
gPCR kit (Invitrogen). Relative MRNA was normalized to the glyceraldehyde 3-phosphate
dehydrogenase or actin message from each sample, and expression is presented as a fold
change from control untreated samples (AACT).

Ex vivo kidney CCD cell isolation

Distal kidney nephron principal epithelial cells were isolated from a crude kidney tubules
preparation using a lectin binding and magnetic bead isolation technique as described before
(Edinger et al., 2014). The isolated cells were immediately processed for RNA isolation;
isolated RNA was used immediately or stored at —80°C until needed.

Western blot

Lysates were prepared in cell lysis buffer (0.4% deoxycholic acid, 1% Nonidet P-40, 50 mM
EGTA, 10 mM Tris-Cl, pH 7.4) plus protease inhibitors at 4°C for 10 min. The lysates were
heated to 70°C for 5 min, separated by SDS-PAGE, transferred to Immobilon-P (EMD
Millipore) and subjected to Western blot analysis using antibodies as indicated.

Blot quantification and statistical analyses

Densitometric quantification of protein band intensities was carried out in Adobe Photoshop
CS5.1 (Adobe Systems, Inc., San Jose, CA), and values were expressed as a percentage of
control signal, following background subtraction, and normalization to total protein
expression (actin). Statistical analyses were performed using GraphPad Prism (Systat, La
Jolla, CA). All data are presented as mean +SEM. Data sets to be compared were tested for
equal variance, and comparisons were performed using #tests or Mann—Whitney rank-sum
tests. Groups were considered statistically significant different at £ <0.05.

Results

Aldosterone increases miR cluster expression in mCCD cells

To determine which miRs may be upregulated by aldosterone in the distal kidney nephron,
mCCD cells cultured on filter supports were stimulated with aldosterone (50 nM) for 24 h
and changes in miR expression examined by microarray analysis (Fig. 1A and reported
previously (Edinger et al., 2014)). A number of miRs were significantly upregulated,
including the miR clusters mmu-miR-23a—24-2—-27a (miRC11) and mmu-miR-23b-24-1-
27b (MiRC22). These clusters are expressed on two separate chromosomes in human
(chromosomes 19 and 13) and mouse (chromosomes 8 and 13 in mouse). To verify the array
results mCCD cells were treated with aldosterone (24 h, 50 nM) and a gPCR analysis of miR
expression confirmed the increase in miR cluster expression (Fig. 1B).

miR clusters are up-regulated in CCD in vivo

To investigate if a similar regulation occurs in principal cells of the collecting duct in vivo,
mice of both sexes were placed on low sodium diets to induce aldosterone signaling, as we
and others have done previously (Nesterov et al., 2012; Pouly et al., 2013; Edinger et al.,
2014). Kidneys were harvested and CCD cells isolated. Quantitative PCR of miRs from
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magnetically isolated CCD epithelial cells confirmed the upregulation of these miR clusters
in vivo after aldosterone stimulation induced by the low Na* diet (Fig. 1C).

miR-27 alters ENaC-mediated Na* transport

To test if these miR clusters formed part of an aldosterone signaling cascade responsible for
regulating Na* transport, miR mimics or inhibitors (locked nucleic acids) of each cluster
member were transfected into mCCD cells. The specific change in miR expression in the
mCCD cells, either an endogenous depletion with miR inhibitors or an exogenous increase
for mimics, was verified by gPCR (Fig. 2A). Amiloride-sensitive short-circuit current (Igc)
was recorded in cells overexpressing individual miR cluster member mimics to determine
the impact on ENaC activity in the absence of hormonal or serum supplementation.
Overexpression of miR-27 increased ENaC-mediated Na* transport (Fig. 2B), and no
significant increase in ENaC activity was observed with miR-23 or miR-24 mimics (Fig.
2C). For this reason, focus shifted to investigating miR-27a/b regulation of ENaC-mediated
Na* transport.

Both baseline (Fig. 2B) and aldosterone stimulated (Fig. 2C) ENaC current was higher in
cells overexpressing miR-27 (mimic) compared to control, unstimulated cells. However, the
response to aldosterone was not significantly higher than control cells stimulated with
aldosterone (Fig. 2D). This suggested that aldosterone was signaling through the miRs to
alter ENaC activity, rather than in parallel to a miR response. As confirmation of this,
selective inhibition of miR-27 using miR inhibitors followed by aldosterone stimulation
significantly blunted ENaC’s response to aldosterone (Fig. 2D). As a control, overexpression
of the non-aldosterone regulated miR-10a, which is abundant in the mCCD cells and in
epithelial cells in distal nephron segments in vivo did not alter baseline ENaC activity or the
response to aldosterone stimulation (Fig. 2C).

miR-27 is sufficient to transduce aldosterone signaling

To demonstrate a singular role of miR-27 in aldosterone signaling, the miR processing
enzyme, Dicerl was depleted in mCCD to inhibit processing of pre-miRs to fully mature
miRs and reduce the formation of miR silencing complexes (Fig. 3A). As we demonstrated
previously, with a reduced ability to produce mature miRs, mCCD cells have a significantly
blunted response to aldosterone stimulation compared to control transfected cells (Edinger et
al., 2014). As a confirmation of these previous findings, depletion of Dicerl in mCCD cells
again produced a significantly smaller response to aldosterone stimulation (Fig. 3B).
Concurrent with the Dicerl depletion, we transfected mature miR mimics into mCCD cells,
and then allowed cells to polarize on filter supports before stimulating with aldosterone.
Control cells with Dicer depletion alone, or in which the miR-10a was overexpressed as a
control, failed to significantly respond to aldosterone (Fig. 3B). Cells with Dicer depletion
and miR-27 overexpression were able to respond significantly to aldosterone stimulation and
increase ENaC-mediated Na* transport (Fig. 3B). By normalizing currents to the control
SiRNA transfected cells for each replicate, the response to aldosterone for each experimental
group could be determined (Fig. 3C). In all cases of Dicer depletion there was a significantly
increased Igc relative to unstimulated control (baseline and stimulated Isc). This elevated
baseline Igc was only further increased following aldosterone stimulation in cells
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overexpressing miR-27 mimic. As there was some variation in baseline currents between
experimental days, data were normalized and expressed as a percentage change from the
control (unstimulated) current for each group/day (Fig. 3D). The aldosterone stimulation,
expressed as a percentage increase over unstimulated cells, was significantly increased in
miR-27 overexpressing cells; however, not to the same extent as control cells without Dicer
depletion. ENaC-mediated transport in Dicer depleted mCCD cells did not significantly
increase after aldosterone stimulation, nor was a significant stimulation observed in Dicer-
depleted cells co-transfected with the miR-10a mimic.

miR-27 targets

Potential miR-27 targets were predicted using in silico approaches including TargetScan
(Agarwal et al., 2015) and miRDB (Wong and Wang, 2015). To test for possible miR-27
targets, mMRNA expression of selected targets was quantified by gPCR from RNA isolated
from mCCDs either overexpressing the miR-27a mimic or stimulated with aldosterone (24
h). Results of the limited screen are summarized in Table 1. Candidate targets were
considered positive hits if they exhibited downregulation by both miR-27 mimic and
aldosterone and these positive hits were then selected for further investigation. One of these
screened targets was intersectin 2 (Itsn2). Intersectins have previously been shown to
regulate the expression of renal potassium channels in the distal nephron and be regulated by
miRs that were altered by changes in K* diet in mice, making Itsn2 an ideal candidate for
further investigation (Lin et al., 2014).

Immunofluorescent staining of Itsn2 in mouse kidney sections and mCCD cells (Fig. 4) was
carried out and images obtained by confocal microscopy. Itsn2 was detected both in distal
nephron segments (as determined by co-localization with Aquaporin 2) and in other nephron
segments (Fig. 4A). After placing mice on low Na* diets the expression of Itsn2 was
markedly reduced, including in the Agp2-positive CCD epithelia (Fig. 4A lower parts). Itsn2
exhibited a punctate/vesicular expression both in vivo and in mCCD cells (Fig. 4B) possibly
due to its reported role in endosome formation and the coordination of vesicle trafficking
(Pechstein et al., 2010; Tsyba et al., 2011).

Itsn2 expression and regulation by miR-27

Itsn genes (Itsn1 and 2) encode two main protein isoforms consisting of a long isoform (Itsn-
L) and a short isoform (Itsn-S) (Tsyba et al., 2011). To determine the isoform found in
mCCD cells, specific primers were designed to unigue sequences in both isoforms. We
confirmed that 1tsn2-S is the predominant isoform in the CCD cells (data not shown). This is
pertinent as the 3" UTR in the Itsn-S isoform contains a putative miR-27 site compared to
Itsn2-L which lacks any predicted miR-27 binding site.

To confirm that the Itsn2-S UTR was a bona fide miR-27 target, the 3"-UTR was cloned into
a dual luciferase reporter construct (pGlo-miR) and transfected into both HEK-293 and
mCCD cells for luminescence assays. In addition to the mouse Itsn2 UTR-luciferase
construct, a mutant UTR in which the putative miR-27 site was deleted was transfected in
HEK?293 cells and a dual luciferase assay carried out. Using the two luciferase signals, data
were normalized to account for variations in transfection efficiency and then expressed as a
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percentage of the control wt-Itsn2-UTR signal alone. Expression of the Itsn2-UTR was
significantly decreased when co-transfected with either miR-27a (a perfectly complementary
target site) or miR-27b (a single nucleotide mismatch) mimics (Fig. 5A). Several controls
were carried out in the HEK293 cells to confirm Itsn2-UTR downregulation by miR-27a and
miR-27b. Specifically, no reduction in luciferase signal was observed in the mutant UTR
lacking the miR-27 binding site or in wt-1tsn2-UTR co-transfected with miR10a or
miR-23a/b and -24, the other members of the miR cluster. These in vitro findings confirmed
Itsn2 as a miR-27a/b target as predicted by the in silico analysis.

To determine if the same regulation could be observed in the mCCD cells, the luciferase
reporter was transfected into mCCD cells with the miR-27a mimic. Cells were seeded onto
filter supports and allowed to polarize before the luciferase assays were carried out on cells
grown on filter supports. We noted that in the mCCD cells there was repression of the wt-
Itsn2-UTR reporter even before the introduction of miR mimics (Fig. 5B), presumably due
to regulation by endogenous miRs present in the mouse cell line. However, when the Itsn2-
UTR was co-transfected with miR-27a mimics a further significant reduction in luciferase
reporter signal was observed compared to cells expressing the UTR alone, as in the HEK
cells (Fig. 5B).

To determine if miR-27 could regulate endogenous Itsn2 protein levels, mCCD cells were
transfected with increasing amounts of miR-27 mimic and whole cell expression of Itsn2
determined by Western blot. No change in expression was observed with increased
expression of control miR-10a, but a decrease in Itsn2 expression was evident as miR-27
levels increased (Fig. 5C).

Itsn2 is regulated by aldosterone

We next investigated mRNA regulation of Itsn2 by aldosterone signaling. 1tsn2 expression
was quantitated by PCR in isolated CCD cells from mice on low Na* diets compared to mice
on normal diets or in mCCD cells stimulated with aldosterone compared to unstimulated
controls. In both in vivo and in vitro samples, Itsn2 mMRNA expression was reduced by
aldosterone signaling (Fig. 6A). As a positive control for aldosterone stimulation, mMRNA
expression of the well-studied aldosterone-induced protein the serum and glucocorticoid
kinase (SGK1) was significantly increased. To demonstrate that this reduction in mMRNA
signal translated to a change in protein expression, whole-cell protein levels in mCCD cells
were determined before and after aldosterone stimulation by Western blot. At 24 h, the Itsn2
protein level was significantly reduced (~55%) compared to unstimulated mCCD cells (Fig.
6B).

Itsn2 alters ENaC-mediated Na* transport

To link the change in Itsn2 expression to regulation of ENaC function, Itsn2 protein
expression was depleted using siRNA, and mCCD cells seeded to filter supports to measure
ENaC transport. Depletion of Itsn2 expression was confirmed by Western blot (Fig. 6C).
CCDs in which Itsn2 was depleted exhibited significantly elevated ENaC-mediated Na*
transport compared to control siRNA treated cells, in the absence of aldosterone stimulation
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(Fig. 6D). Conversely when Itsn2 expression was transiently increased (Fig. 6E) the ENaC-
mediated Na* current was significantly reduced (Fig. 6F).

Discussion

There is currently little information about miRs and Na* regulation. Direct regulation of
ENaC function by miRs was demonstrated by our group, and in a recent study the regulation
of the serum glucocorticoid kinase (SGK1) was demonstrated to be altered by aldosterone-
regulated miRs (Edinger et al., 2014; Jacobs et al., 2016). These studies suggest that miRs
are capable of acting as intermediary components in the aldosterone signaling cascade
(Edinger et al., 2014). Direct regulation of ENaC by miRs has been reported for miR-16
(Tamarapu Parthasarathy et al., 2012) and miR-7 (Qin et al., 2016) in alveolar epithelial cells
and regulation of miR-101 and -199 by ENaC in endometrial cells (Sun et al., 2014). Neither
of these reports focused on miR regulation by hormones, and none of these ENaC-targeting
miRs were significantly altered in response to aldosterone in our microarray assays.

Studies have emerged investigating aldosterone regulation of Na* and K* transport in the
kidney by miRs. miR-192 was identified as a possible regulator of K* secretion (Elvira-
Matelot et al., 2010). Expression of this miR was inhibited in mice subject to K* load, salt
depletion, or chronic aldosterone infusion. A confirmed target of miR-192 was the serine-
threonine kinase, with no lysine (WNKZ1). From numerous studies, the role of L-WNK and
the kidney specific form, KS-WNK have been elucidated and it is known that L-WNKZ1 is an
important regulator of both K* and Na* transport (Lang et al., 2005; Yang et al., 2005;
Subramanya et al., 2006; Wade et al., 2006; Huang and Kuo, 2007). Interestingly, we were
unable to recapitulate this regulation of miR-192 in a mCCD cell line stimulated with
aldosterone as part of our investigation into WNK1 regulation (Roy et al., 2015) and the
reason for this discrepancy is unknown. miR regulation of the renal outer medullary
potassium (ROMK) channel by miRs has been described. An increase in K* diet induced
miR-194 expression. Intersectin 1 was determined to be a target of this regulated miR. An
increase in miR-194 reduced Itsnl expression and this in turn prevented the internalization
of ROMK (Lin et al., 2014). This finding highlighted the possible role of Itsn2 in ENaC
regulation even though the target UTRs are distinct for these two forms of Itsn.

The miR cluster family miR-23-24-27 has been implicated in regulation of aldosterone
production, pointing to a possible feedback mechanism in vivo, but this has not been directly
investigated (Robertson et al., 2013). It is likely that the genomic proximity of members of
these miR clusters facilitate coordinated regulation, however, studies investigating these
clusters have noted that cluster members can be regulated individually (Chhabra et al.,
2010). Nevertheless, miR-27 has the most significant impact on ENaC-mediated Na*
transport. No direct regulation of ENaC expression was predicted as none of the ENaC
subunit UTRs in mouse contains canonical binding sites for the miR cluster members.
However, several candidate targets were predicted and screened. We did not carry out
validation of the all identified candidates as true miR-27 targets, but as mRNA expression of
many of the targets decreased following overexpression of a miR-27 mimic, it is possible
that a number of novel miR-27 targets have been identified in this study which will require
additional investigation.
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Similar to Itsnl, Itsn2 has a large number of reported functions, many of which center
around their role in membrane trafficking and delivery/removal of proteins to and from the
plasma membrane (Tsyba et al., 2011). Previous studies have noted differential protein
interactions with Itsnl compared to Itsn2 (Wong et al., 2012). As Itsns are large, multi-
domain proteins, it suggests that they may have multiple functions in cells, including their
more studied role in clathrin-mediated endocytosis. ENaC is known to interact with clathrin
to co-ordinate endocytic retrieval from the apical membrane (Wang et al., 2006). As Itsn2
facilitates this endocytic event, the reduction in expression may delay ENaC removal from
the apical surface. The mechanism underlying Itsn2 regulation of this process is under
investigation. A model depicting the link between ENaC, Itsn2, and clathrin-mediated
endocytosis is presented in Figure 7.

These studies provide an example of miR regulation in response to aldosterone in kidney
epithelia. Given the large number of possible miR targets, some of which were screened in
this study, it is likely that additional examples of miR regulation will emerge. Based on the
screen of miR-27 targets it is also highly probable that the regulatory network controlled by
aldosterone stimulation will be more substantial than currently appreciated. From this study
and our previous work we note that changes in protein expression induced by alterations in
miRs are likely to be more modest compared to the many fold changes reported for
aldosterone induced/repressed proteins described to date. This is indeed the case for Itsn2.
Nevertheless, smaller changes in a number of proteins all acting on a single target or
pathway may be an effective way to facilitate dynamic homeostasis without the need for
dramatic swings in protein expression. While we continue to uncover the roles of miR and
their targets in normal renal physiology, an appreciation of miRs regulated by hormonal
signaling cascades is emerging and could provide novel information of misregulation
associated with non-homeostatic disease states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

AI%osterone upregulates miRs in the CCD. (A) Summary of microarray analysis profiling
mouse miRs in mCCD cells with or without aldosterone stimulation (50 nM, 24 h).
Abundantly expressed miRs that were significantly upregulated are plotted as a fold increase
from unstimulated levels (mean +SEM, n = 5 arrays). Expression of miR-10a was not
significantly altered in response to aldosterone and served as control for subsequent
investigations. (B) Quantitative PCR analysis of selected miRs in the MIRC11 and MIRC22
clusters to verify upregulation after aldosterone (50 nM, 24 h) as identified by microarrays in
A. Relative miR expression is plotted as a fold change from unstimulated cells (mean
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+SEM, n=4). Expression of all miRs, except miR-10a are significantly >1 (unstimulated) (P
<0.05). (C) Relative expression of miRs in isolated CCD epithelial cells from mice fed low
Na* diets (to induce aldosterone stimulation) expressed as a fold change from miR
expression in cells isolated from mice on normal Na* diet (mean +SEM, n=4). Expression of
all miRs, except miR-10a are significantly >1 (normal diet) (£ <0.05).
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Fig. 2.

Algtering miR-27 expression regulates ENaC activity. (A) The specific depletion (LNA) or
overexpression (mimic) of miRs was confirmed by qPCR for miRs-23,24,27 in mCCD cells.
Cells were transfected with a specific miR inhibitor (LNA) (50 nM), or miR mimic (50 nM)
and miR expression for all miRs in the cluster was normalized to control transfected mCCD
cells. A significant reduction in targeted miRs was confirmed for LNA transfected cells (* =
P <0.01) with no off-target alteration in other cluster family members. Likewise, mimic
overexpression did not significantly alter endogenous miR expression but a significantly
greater level of mature miR (4 = P£<0.01) was detected by gPCR (mean +SEM, n = 3). (B)
Representative traces of short-circuit current measurements from mCCD cells mounted in
modified Ussing chambers. Cells were transfected with miR-27 mimic (50 nM) and
stimulated with aldosterone (50 nM). (C) Summary of the amiloride-sensitive short circuit
current measurements similar to those presented in (B) normalized to unstimulated control
SiRNA transfected mCCD cells. A significant increase in ENaC current (* = £<0.001) was
only observed in miR-27 overexpressing mCCDs (mean +SEM). (D) The mCCD cell
response to aldosterone is expressed as a pertentage of control (unstimulated) amiloride-
sensitive current. Overexpression of miR-27 mimics significantly increased basal
(unstimulated) and aldosterone stimulated current (* = £<0.01) compared to control, but
there was no significant difference between the aldosterone responses in control versus
miR-27 overexpressing cells. Inhibiting miR-27 by LNA transfection significantly reduced
basal (unstimulated) ENaC currents (£<0.02) and blunted the aldosterone stimulation
compared to control transfected cells (ND compared to control unstimulated). As a control,
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there was no significant difference in either the basal or aldosterone stimulated current in
miR-10a overexpressing mCCD cells (mean +SEM, n=6).
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Dicer depletion inhibits aldosterone signaling, which is restored with miR-27
overexpression. (A) Dicerl expression was depleted using siRNA, and verified by Western
blot. Densitometric analysis of Dicer depletion normalized to actin produced a mean
decrease of 63.1 + 23.2% compared to control siRNA transfected CCD cells (n = 3). (B)
Amiloride-sensitive Isc measurements from mCCD cells stimulated with 10 nM aldosterone
(24 h). Dicer depleted cells failed to significantly respond to aldosterone compared to
control siRNA transfected cells. Dicer depleted mCCD cells co-transfected with miR-27a
mimic produced a significant increase (" = £<0.05) in lsc with aldosterone stimulation,
which was not observed in control Dicer depleted cells overexpressing miR-10a. (C) ENaC-
mediated Igc normalized to the unstimulated Isc from each experimental replicate (N =4, n
= 10-20). A significant increase in both baseline and aldosterone stimulated I5c over
control, unstimulated cells was observed for all Dicer depleted cells (““indicates significant
increase over control siRNA, £<0.05). A significant Igc response to aldosterone stimulation
was observed in control and Dicer depleted cells overexpressing miR-27 (“indicates
significant difference £ <0.05). No significant increase (above the elevated baseline) was
observed in Dicer depleted cells stimulated with aldosterone (NS). (D) Percentage increase
in ENaC-mediated Is¢ following aldosterone stimulation, normalized to the unstimulated
Isc from each experimental replicate (N = 6, n = 11-20) (“indicates significant increase 2

<0.05).
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Fig. 4.

In?ersectin 2 is expressed in kidney distal nephron epithelial cells. (A) Endogenous
expression of Itsn2 (green in left and right parts) in mouse kidney sections taken from mice
on normal (top 2 parts) and low Na* diets (lower 2 part) using the goat antibody. Principal
cells of the CCD were identified by co-labeling with anti-Aqp2 antibodies (red in composite
image and middle parts). (B) A higher power magnification in Agp2-positive (red) kidney
tubules under normal and low Na* diet. Itsn2 expression (green, using the goat antibody) in
mCCD cells cultured on filters exhibits a punctate/vesicular distribution (right part). Cortical
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actin counterstaining (red) using phalloidin outlines the cell periphery. All nuclei are
counterstained in blue. Scale bar represents 5 pm.
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Fig. 5.

migR-27 binds to the 3’-UTR of Intersectin 2 and reduces protein expression. (A)
Normalized luciferase signal from HEK293 cells transfected with a dual luciferase reporter
plasmid expressing a wild type (wt) 3’-UTR of Itsn2 or 3’-UTR Itsn2 mutant (MUT)
lacking the miR-27 seed sequence. Cells were transfected with the 3’-UTR reporter alone or
reporter with miR mimics as indicated. A significant reduction (" = £<0.01) in luciferase
signal was detected only in the wt Itsn2 3'-UTR transfected with miR27a or miR27b
mimics, with no reduction in luciferase signal for any of the other cluster family members or
miR-10a as a control. The specific depression in luciferase was restored in the MUT reporter
verifying specific binding of miR-27 to the predicted seed site. (B) The same wt reporter
construct was transfected into mCCD cells alone, or in the presence of miR-27a mimic. The
normalized luciferase signal was significantly decreased compared to the blank reporter
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plasmid. This signal was further reduced when cells were co-transfected with the miR-27
mimic (" = £<0.01). (C) Representative Western blot (using the goat antibody) to show
whole cell protein expression of I1tsn2 in mCCD cells transfected with increasing miR mimic
concentrations for miR-10a (control) or miR-27 mimics (as indicated) after 24 h. Itsn2
protein expression decreased with increasing Itsn2 concentration and was significantly lower
than control transfected mCCD cells at 100 nM (92 + 24% for miR-10a and 33 + 21% for
miR-27a compared to 1 nM transfection, n = 3).
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Fig. 6.
Itsn2 mRNA and protein expression decreases with aldosterone stimulation and changes in

Itsn2 expression regulate ENaC activity. (A) Quantitative RT-PCR analysis of Itsn2 mRNA
expression in mCCD cells following aldosterone stimulation (50 nM, 24 h) or CCD cells
isolated from mouse kidneys on low Na* diets. A significant reduction in Itsn2 mRNA levels
was measured in both in vitro and ex vivo samples (£ <0.03). As a control, expression of
SGK1 a known aldosterone-induced protein was significantly increased in both systems to
confirm aldosterone signaling. (B) Itsn2 protein expression as determined by Western
blotting (using the goat antibody) was significantly reduced in mCCD cells following
aldosterone stimulation (50 nM, 24 h). Quantification of n = 4 similar experiments produced
a mean reduction to 43.2 + 6.2% of control (unstimulated) expression. (C) Itsn2 expression
was depleted in mCCD cells using siRNA as determined by Western blotting using the
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rabbit antibody. A significant reduction in Itsn2 protein (71.4 £ 15.2% decrease, n = 3) was
achieved with 50 nM siRNA. (D) Itsn2 depleted cells had a significantly greater amiloride-
sensitive Igc relative to control siRNA transfected cells in the absence of aldosterone
stimulation or serum supplementation. (E) Overexpression of GFP-tagged Itsn2 in mCCD
cells was confirmed by Western blot, using both an anti-Intersectin-2 antibody (rabbit, top
part) and anti-GFP antibody (middle part). (F) Amiloride-sensitive lIsc was significantly
reduced in mCCD cells over expressing Itsn2 relative to control, GFP-alone, expressing
cells.
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Fig. 7.
Schematic model depicting the interaction between Itsn2 and ENaC in clathrin-mediated

endocytosis from the apical surface. Aldosterone would increase miR-27 expression and
decrease Itsn2 abundance resulting in a deficiency in ENaC removal from the surface.
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List of predicted miR-27a targets screened for regulation of mMRNA expression following miR-27 mimic over-
expression (50 nM, 24 h) or aldosterone stimulation (50 nM, 24 h) by gRT-PCR

Genetarget Change after miR-27 mimic over-expression  Change after aldosterone stimulation

Itsn2
Cdsl
Dcunld4
Pparg
Gcee2
trim23
Ube2n
Pkia
Nr2fé
Nr5a2
Sik1
Grb2

ND -
+ NC
NC -
+ -
NC NC

Relative change in expression is characterized as +, up-regulation; —, down-regulation; NC, no significant change; or ND, not determined
sequences are listed in the supplementary data Table S1.
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