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Suppression of Foxo3-Gatm by miR-132-3p Accelerates Cyst
Formation by Up-Regulating ROS in Autosomal Dominant
Polycystic Kidney Disease
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Abstract

Accumulation of reactive oxygen species (ROS) is associated with the development of various diseases. However, the molecular
mechanisms underlying oxidative stress that lead to such diseases like autosomal dominant polycystic kidney disease (ADPKD)
remain unclear. Here, we observed that oxidative stress markers were increased in Pkd1":HoxB7-Cre mice. Forkhead transcrip-
tion factors of the O class (FOXOs) are known key regulators of the oxidative stress response, which have been observed with the
expression of FoxO3a in an ADPKD mouse model in the present study. An integrated analysis of two datasets for differentially ex-
pressed miRNA, such as miRNA sequencing analysis of Pkd1 conditional knockout mice and microarray analysis of samples from
ADPKD patients, showed that miR-132-3p was a key regulator of FOXO3a in ADPKD. miR-132-3p was significantly upregulated
in ADPKD which directly targeted FOXO3 in both mouse and human cell lines. Interestingly, the mitochondrial gene Gatm was
downregulated in ADPKD which led to a decreased inhibition of Foxo3. Overexpression of miR-132-3p coupled with knockdown
of Foxo3 and Gatm increased ROS and accelerated cyst formation in 3D culture. This study reveals a novel mechanism involving
miR-132-3p, Foxo3, and Gatm that is associated with the oxidative stress that occurs during cystogenesis in ADPKD.
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INTRODUCTION molecular mechanisms underlying this phenomenon remain
unclear (Andries et al., 2018).

Autosomal dominant polycystic kidney disease (ADPKD) Forkhead box protein O (FOXO) transcription factors, in-
is the most common hereditary renal disorder and a lead- cluding FOXO1 (FKHR), FOXO3 (FOXO3a, FKHRL1), FOX04
ing cause of genetic end-stage renal disease (lgarashi and (AFX), and FOXO6 in mammals (Calnan and Brunet, 2008),
Somlo, 2007). It affects one in thousand individuals and is are negatively regulated by the phosphatidylinositol 3-kinase

caused by mutations in either PKD1 (~85% of the patients) (PI13K)/serine-threonine kinase (AKT) signaling pathway. This
or PKD2 (~15% of the patients), which encode polycystin 1 AKT-mediated phosphorylation of FOXO results in its expor-

and 2, respectively (Peters and Sandkuijl, 1992; Mochizuki tation into the cytoplasm and enhancement of proteasomal

et al., 1996). Tolvaptan, a vasopressin V2 receptor blocker, degradation (Tzivion et al., 2011). These FOXO transcription

has been licensed for the treatment of ADPKD in several factors regulate the expression of genes involved in various

countries. However, because of its limited efficacy and side cellular processes such as the cell cycle, apoptosis, and reac-

effects, the need for alternative approaches remains (Torres tive oxygen species (ROS) detoxification (Kops et al., 2002;

et al., 2012; Gansevoort et al., 2016). Recent clinical studies van der Horst and Burgering, 2007; Ham et al., 2019). Within

have reported that oxidative stress occurs in the early stage the cell, mitochondria are known to be major sources of ROS;

of ADPKD and worsens with disease progression; however, superoxide (O;), an early product of the mitochondrial respi-
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ratory chain, can be rapidly converted to H.O, by superox-
ide dismutase (SOD) and then reduced to H,O by catalase or
glutathione peroxidase (Zhang et al., 2016). Notably, FOXO3
transcriptionally regulates the antioxidant enzymes SOD2 and
catalase (Liu et al., 2005). Although the FOXO3 has been re-
ported that induce a number of ROS related genes (Hagen-
buchner et al., 2012), the role of FOXO3 and the relationship
between FOXO3 and ROS in ADPKD remain unresolved.

In this study, we aimed to identify novel mechanisms as-
sociated with oxidative stress and cystogenesis in ADPKD.
We observed that Foxo3a was a key regulator of ROS accu-
mulation in a Pkd1 conditional knockout (cKO) mouse model.
Through integrated analysis of miRNA-seq and microarray
data from PKD model mice and ADPKD patients, respectively,
Foxo3a was revealed to be suppressed by miR-132-3p in an
ADPKD model. We also identified a novel downstream tar-
get, Gatm, that affected ROS production and cystogenesis.
Therefore, we propose that miR-132-3p-mediated signaling is
involved in ADPKD and that investigation on their associated
mechanisms is essential to identify novel therapeutic targets.

MATERIALS AND METHODS

Mice

Pkd1™x:HoxB7-Cre mice were used in this study. To generate
a Pkd1 conditional-KO mouse model, we used Pkd71%™ mice in
combination with HoxB7-Cre transgenic mice, and the pheno-
type of the obtained mice was previously characterized (Woo et
al., 2017). The Pkd 1™ mice were obtained from Dr. Stefan Som-
lo at Yale University, and the HoxB7-Cre transgenic mice, which
specifically express Cre recombinase in the kidney collecting
ducts, were obtained from Minho Shong at Chungnam National
University. For genotyping, the Pkd1" alleles and HoxB7-cre
transgene were PCR amplified from tail DNA using the following
primers: Pkd1" forward 5-CCGCTGTGTCTCAGTGCCTG-3'
and reverse 5-CAAGAGGGCTTTTCTTGCTG-3"; HoxB7-cre
transgene forward 5'-GCGGTCTGGCAGTAAAAACTATC-' and
reverse 5-GTGAAACAGCATTGCTGTCACTT-3". All experi-
mental procedures were performed in accordance with relevant
guidelines and regulations on laboratory animal care. All experi-
mental protocols were reviewed and approved by the IACUC of
Sookmyung Women’s University (Seoul, Korea).

Human specimens

This study was conducted in accordance with the Declara-
tion of Helsinki and was approved by the Institutional Review
Board of Seoul National University Hospital (Seoul, Korea)
(H-0701-033-195). Informed consent was obtained from all
patients. Renal cystic tissues were obtained from the renal
cortex surrounding the cysts of patients with ADPKD while
undergoing nephrectomy. Non-ADPKD renal tissue were ob-
tained from patients with clear cell renal cell carcinoma (RCC)
as a control, and malignant cell infiltration was excluded by
histology. All these tissues were also used in our previous
study (Woo et al., 2014; Kim et al., 2019).

Cell culture

Inner medullary collecting duct cells (IMCD cells; CRL-
2123™ ATCC, Manassas, VI, USA) were cultured in DMEM/
F12 medium (LM002-04, Welgene, Gyeongsan, Korea) con-
taining 10% foetal bovine serum (FBS; 26140-079, Gibco,
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Waltham, MA, USA), and 1% penicillin-streptomycin (LS
202-02, Welgene). Normal human renal cortical epithelial
cells (HRCE; CC-2554, LONZA, Morristown, NJ, USA) were
cultured in REGM medium (CC-4190, LONZA) containing 1%
penicillin-streptomycin. WT9-7 (CRL-2830™, ATCC), a proxi-
mal cortical tubule epithelial cell line isolated from renal cysts
from a patient with ADPKD, was cultured in DMEM (LM001-05,
Welgene) containing 10% FBS and 1% penicillin-streptomycin
in culture dishes coated with type | bovine collagen (#354231,
Corning, New York, NY, USA). Human embryonic kidney 293T
cells (HEK293T) were cultured in DMEM (LM001-05, Wel-
gene) containing 10% FBS and 1% penicillin-streptomycin in
Poly-D-lysine-coated dishes (P7280, Sigma-Aldrich, St. Louis,
MO, USA). These cells were grown in a humidified 5% CO, in-
cubator at 37°C. For hypoxic conditions, cells were incubated
in 5% CO; and 1% O balanced with N, in a hypoxic chamber
within an incubator at 37°C.

Total RNA isolation and miRNA expression analysis

Total RNA was extracted from cell lines and kidney tissues
using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. To assess miRNA
expression, first, cDNA was prepared from total RNA (1 ug)
using the miScript Il RT kit (Qiagen) according to the manu-
facturer’'s protocol. Then, quantitative real-time PCR was
performed using miScript Primer Assays (Qiagen) and the
miScript SYBR Green PCR Kit (Qiagen) according to the
manufacturer’s protocol. RNU6 was used as an endogenous
miRNA control.

Luciferase reporter assay

The mouse and human FOX03 3-UTR were amplified by
PCR using RBC Taq DNA Polymerase (RBC Bioscience, New
Taipei, Taiwan). The sequence of miR-132-3p was mutated
using a PCR-based approach. The sequences of the primers
used to amplify the wild-type and mutant FOX03 3-UTR were
as follows: mouse wild-type forward 5-CTAGTTGTTTAAAC-
GAGCTCGCAGAGACTGTTAGCAGC-3', mouse mutant for-
ward 5-CTAGTTGTTTAAACGAGCTCGCAGAGCAGTGTAG-
CAGC-3', mouse wild-type and mutant reverse 5-CGACTCTA
GACTCGAGCACAAGACGACACTTAAAATA-3', human wild-
type forward 5-CTAGTTGTTTAAACGAGCTCGCAGAGACT-
GTTAATGGCC-3', human mutant forward 5-CTAGTTGTT-
TAAACGAGCTCGCAGAGCAGTGTAATGGC-3', and human
wild-type and mutant reverse 5-CGACTCTAGACTCGAGCT-
TAAAACGTCCCATAAACC-3'. The amplified PCR fragments
were cloned into the Sacl and Xhol restriction sites of the
pmiRGLO vector (Promega, Madison, WI, USA) using the In-
Fusion HD Cloning kit (Takara Bio, Inc., Kusatsu, Japan). For
transfection, IMCD cells (2x10*) and HEK293T cells (3x10%)
were plated into 12-well plates and co-transfected with wild-
type or mutant 3'-UTR constructs (750 pg) and negative con-
trol mimics or miR-132-3p mimics (20 nM; Ambion, Waltham,
MA, USA) one day after seeding using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Luciferase activity was measured 48 h
after transfection using the Dual Luciferase Assay system
(Promega). All transfection experiments were performed in
triplicate. Serial deletion fragments of the Gatm promoter re-
gion (p0.2kb, p0.4kb, p0.7kb, and p0.8kb) were amplified by
PCR and cloned into the Sacl and Nhel restriction sites of the
pGL3-basic vector (Promega). The following primers were
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used to generate the serial deletion constructs: p0.2kb for-
ward 5-TATCGATAGGTACCGAGCTCGGAGGCACGAGC-
TAAAAAAAAAAAA-3', p0.4kb forward 5-TATCGATAGGTA-
CCGAGCTCCATAGGCTCAGGTCGACAAACTTG-3', p0.7kb
forward 5'- TATCGATAGGTACCGAGCTCCTGGACGACACA-
GCCAGGC-3', p0.8kb forward 5- TATCGATAGGTACCGA-
GCTCGCATTTTAAGAACAGAGC-3', and reverse 5- TCGAG-
CCCGGGCTAGCCGCCCCGTCTCTGCTGCT-3". Luciferase
activity was measured in the same manner as described for
the 3'-UTR luciferase assay.

Transfection

miRNA mimics (Ambion) or inhibitors (Dharmacon, Lafay-
ette, LA, USA) of miR-132-3p were reverse transfected into
cell lines (at 30 nM) using siPORT NeoF X transfection reagent
(Ambion) for 48 h. For the control experiments cells were
transfected with a negative control miRNA mimic (mirVana™
miRNA Inhibitor, Negative Control #1, Ambion) or the inhibitor
(miRIDIAN microRNA Hairpin Inhibitor Negative Control #1,
Dharmacon). Small interfering RNAs (siRNAs) targeting the
mouse or human Fox3 gene (Santa Cruz, Dallas, TX, USA)
were transfected into cells (at 20 nM) using Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manufactur-
er’s instructions. Subsequent experiments were performed 48
h after transfection.

Quantitative real-time PCR (qRT-PCR)

mRNA was isolated with the NucleoSpin® RNA/Protein kit
(Macherey-Nagel, Duren, Germany) according to the manu-
facturer’s instructions. For mRNA expression analysis, The
isolated RNA (1 ng) was reverse-transcribed to cDNA us-
ing M-MLV Reverse Transcriptase (Promega), RNase in-
hibitor (Promega), oligo-dT (100 nM), and dNTPs (2.5 mM;
Promega). Quantitative real-time PCR was performed using
qPCRBIO SyGreen Blue Mix (PCR Biosystem, London, UK)
and a LightCycler® 96 System (Roche, Basel, Switzerland) ac-
cording to the manufacturer’s instructions. Mouse f-actin and
human 18S rRNA were used as endogenous controls.

Western blot analysis

Proteins were isolated using the NucleoSpin® RNA/Protein
kit (Macherey-Nagel), according to the manufacturer’s proto-
col. The protein concentration was calculated using the BCA
assay and bicinchoninic acid and copper (Il) sulphate solu-
tions (Sigma-Aldrich), and equal amounts of protein were
separated by 8-12% SDS-PAGE and were electro-transferred
to polyvinylidene fluoride (PVDF) membranes (ATTO, Tokyo,
Japan). Immunoblots were probed with primary antibodies
against the following proteins: FoxO3a (#2497, Cell Signal-
ing, Danvers, MA, USA), HIF-1a. (#14179, Cell Signaling),
GATM (ab228937, Abcam, Cambridge, MA, USA), ALDH4A1
(ab185208, Abcam), ALDH1L1 (sc-100497, Santa Cruz), AL-
DH6A1 (sc-271582, Santa Cruz), COX IV (ab33985, Abcam),
a-tubulin (#3873, Cell Signaling), and B-actin (A300-491A,
Bethyl Laboratories, Montgomery, AL, USA). The primary an-
tibodies were diluted 1:1,000 with 1% skim milk in PBS con-
taining 1% Tween® 20 (Sigma-Aldrich) and incubated at 4°C
overnight. Horseradish peroxidase-conjugated secondary an-
tibodies in 2% skim milk were incubated with the blots for 1 h
at room temperature. Immunoreactive proteins were detected
using chemiluminescence reagent EzWestLumi Plus (ATTO)
and visualized with a LAS-3000 instrument (Fujifilm, Tokyo,

Japan).

ROS detection by immunohistochemistry

Kidneys were fixed in 4% paraformaldehyde overnight and
then embedded in paraffin. Kidney tissue sections were depa-
raffinized by three changes of Histoclear Il (National Diagnos-
tics, Atlanta, GA, USA) and then rehydrated in a graded series
of ethanol. For antigen retrieval, the sections were heated in
a TintoRetriever Pressure Cooker (Bio SB, Santa Barbara,
CA, USA) with Borg Decloaker RTU (Biocare Medical, Pa-
checo, CA, USA) and were incubated with UV Hydrogen Per-
oxide Block (Thermo Fisher Scientific, Waltham, MA, USA).
Sections were blocked with blocking solution for 1 h at room
temperature, and then incubated overnight with the appropri-
ate primary antibodies at 4°C. The primary antibodies used
for immunostaining were anti-8-OHdG antibody (sc-66036,
Santa Cruz) and anti-4 hydroxynonenal (ab48506, Abcam).
Peroxidase activity was detected using the VECTASTAIN
Elite ABC HRP Kit (PK-6200, Vector Labs, Burlingame, CA,
USA) and VECTOR NovaRED Peroxidase (HRP) Substrate
Kit (SK-4800, Vector Labs) according to the manufacturer’s in-
structions. Slides were mounted with VectaMount Permanent
Mounting Medium (H-5000, Vector Labs) and analysed.

Mitochondrial ROS measurement

Mitochondrial ROS levels were assessed using MitoSOX™
Red mitochondrial superoxide indicator (Invitrogen). Mito-
SOX™ Red is a nonfluorescent dihydroethidium-based dye
that is oxidized by mitochondrial superoxide and emits a red
fluorescence. IMCD cells were grown on glass coverslips in
six-well plates. After 2 days of incubation, the cells were incu-
bated with MitoSOX™ Red (5 uM) in HBSS/Ca/Mg (Gibco) for
10 min at 37°C and then washed three times with PBS. The
cells were fixed with 4% paraformaldehyde at room tempera-
ture for 10 min, permeabilized with 0.2% Triton X-100 contain-
ing 1% bovine serum albumin for 10 min. Nuclei were stained
with DAPI. The slides were mounted with fluorescence mount-
ing medium (Dako, Santa Clara, CA, USA), and images were
obtained under a confocal laser scanning microscope (LSM-
700, Carl Zeiss, Oberkochen, Germany). The fluorescence
intensity of MitoSOX™ Red was quantified using ImageJ soft-
ware (NIH, Bethesda, MD, USA).

1mM stock solutions of MitoTracker™ Green (Thermo
Fisher Scientific) were diluted with DMEM/F12 to a 200 nM
working concentration and incubated with cells for 20 min at
37°C. After that, 1 ul of 5 mM MitoSOX™ Red were added and
incubated for 10 min at 37°C.

Three-dimensional (3D) cell culture

IMCD cells (4x10* cells/well) were mixed with Matrigel
(Corning) at a 1:1 ratio and plated in 8-well chamber slides.
Culture medium was added after 1 h and replaced every
day. Cells in Matrigel were grown in a humidified atmosphere
containing 5% CO, at 37°C for 4-6 days. Phase contrast im-
ages of individual cystic spheroids were obtained under a light
microscope (IX70, Olympus, Tokyo, Japan) and ISP capture
software (Olympus) after 4, 5, and 6 days in culture. The cyst
area was measured using ImageJ software (NIH).

Mitochondrial fractionation

Mitochondria and the cytosol were separated by using the
Mitochondria Isolation Kit (Pierce Biotechnology, Waltham,
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Fig. 1. Inhibition of Foxo3 increase mitochondrial superoxide levels and accelerate cyst enlargement. (A) Immunohistochemical staining
of 8-OHdG, a DNA damage marker, in the kidney tissues of Pkd1" and Pkd1":HoxB7-Cre mice on postnatal days 3, 7, and 13. Scale bar,
50 um. (B, C) FoxO3a were detected by immunohistochemistry in Pkd1” and Pkd1":HoxB7-Cre mice on P7. Scale bar, 100 um on panel B
and 50 um on panel C. (D) The transcript level of Foxo3 in Pkd1™ and Pkd1":HoxB7-Cre mice on P7. (E) MitoSOX staining to detect mito-
chondrial superoxide (O,’) levels by confocal microscopy (400% magnification). CoCl2 was used as a positive control. NT, non-treated. Nu-
clei were stained with DAPI (blue). (F) Cyst formation in H,O,- or non-treated mIMCD cells in a Matrigel 3D culture system. Cyst area was
measured after 4 days in 3D culture. Cyst formation in mIMCD cells transfected with Foxo3 siRNA or Foxo3 vector and control in a Matrigel
3D culture system. Cyst size was measured after 5 days in 3D culture. Scale bar, 50 um. Data are the mean + SD of triplicate samples from

three independent experiments. *p<0.05, **p<0.01, ***p<0.001.

MA, USA) according to the manufacturer’s instructions. The
mitochondrial fraction was confirmed using an anti-COX IV
antibody (ab33985, Abcam). The cytosolic fraction was con-
firmed using an a-tubulin antibody (#3873, Cell Signaling).

Statistical analysis

Each experiment in this study was repeated at least three
times. Data are means + SD. Statistical analyses were per-
formed with Student’s t-test for pairwise comparisons using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
p values less than 0.05 were considered significant.

Statement of ethics

All procedures conducted during this study were approved
by the Sookmyung Women’s University School Institutional
Animal Care and Use Committees.
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RESULTS

Down-regulated FOXO3 promotes ROS accumulation and
cyst growth

Oxidative stress is known to contribute to ADPKD progres-
sion (Andries et al., 2019). To confirm that accumulation of
ROS progressively occurred in an ADPKD mouse model,
we assessed the expression of 8-hydroxy-2-deoxyguano-
sine (8-OHdG), a marker of oxidative DNA damage, by im-
munohistochemical staining. In kidney tissues obtained from
Pkd1":HoxB7-Cre mice, it was observed that the expression
of 8-OHdG gradually increased in the cyst-lining cells as the
disease progressed. In contrast, 8-OHdG expression was not
observed in kidney tissues of Pkd 1" mice on postnatal days 3,
7, and 13 (Fig. 1A).

The FOXO protein family is known to regulate cellular an-
tioxidant defenses (Klotz et al., 2015), notably FOXO3, which
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Fig. 2. miR-132-3p is up-regulated and increase mitochondrial superoxide levels by directly targeting FOXO3 in ADPKD. (A) Integrated
analysis of miRNA-seq data from Pkd1":HoxB7-Cre mice and microarray data from ADPKD patients. In total, there were 243 differentially
expressed miRNAs (DEmiRs) in the miRNA-seq dataset and 312 DEmiRs in the microarray dataset; 84 of these DEmiRs were common to
both datasets. (B) Expression validation of candidate miRNAs using gqRT-PCR in the kidney tissue of Pkd1" and Pkd1":HoxB7-Cre mice,
Pkd1+/+ and Pkd1-/- mouse embryonic fibroblasts (MEFs), kidney tissues from non-ADPKD and ADPKD patients, and HRCE and WT9-
7 cell lines. HRCE is a human renal cortical epithelial cell line isolated from normal human kidney tissue, and WT9-7 is a proximal cortical
tubule epithelial cell line isolated from the renal cysts of a patient with ADPKD. (C) Sequence alignment of the wild type (WT) and mutant
(MT) FOXO3 3-UTR in the luciferase constructs with miR-132-3p. The red sequence in the WT construct indicates the predicted target site
of miR-132-3p. (D, E) Relative luciferase activity of the 3'-UTR luciferase constructs after co-transfection with either a miR-132-3p mimic (132
mimic) or negative control (NC) in (D) mIMCD cells and (E) HEK293T cells. (F) FOXO3 protein expression in the WT9-7 cell line after trans-
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MitoSOX staining to detect mitochondrial superoxide (O,) levels by confocal microscopy. IMCD cells were transfected with 30 nM miR-132-
3p mimic. CoCl, was used as a positive control. NT, non-treated. (H) Cyst formation in mIMCD cells transfected with miR-132-3p mimics or
inhibitor and NC miR in a Matrigel 3D culture system. Individual cyst sizes were assessed after 6 days of 3D culture. Scale bar, 50 um. Data
are the mean + SD of triplicate samples from three independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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(G) Relative luciferase activity of the p0.2 kb construct in mIMCD cells transfected with Foxo3 or control siRNA. Data are the mean + SD of
triplicate samples from three independent experiments. *p<0.05, **p<0.01, ***p<0.001.

is required for the regulation of oxidative stress (Marinkovic et contrast, overexpression of Foxo3 alleviated cyst formation.
al., 2007). To determine its association with oxidative stress in These results suggest that reduced Foxo3 affects accumula-
ADPKD models, we analyzed the transcript and protein levels tion of ROS, and finally accelerates cyst expansion in ADPKD.

of Foxo3 in the kidneys of PKD mice. The expression levels
of Foxo3 were revealed to be reduced in Pkd? cKO mouse miR-132-3p is upregulated in mice and humans with

tissues (Fig. 1B-1D). Since mitochondria are major intracel- ADPKD

lular sources of ROS with superoxide as the predominant To identify the regulator of FOXO3a in ADPKD models,
ROS, mitochondrial O, generation was measured using the we performed an integrated analysis of miRNA sequencing
mitochondria-targeting probe MitoSOX Red. Mitochondrial su- data from Pkd1":HoxB7-Cre mice and microarray data from
peroxide levels markedly increased in downregulated Foxo3 patients with ADPKD. Previous studies performed miRNAs in
in mouse inner medullary collecting duct (IMCD) cells com- kidney tissues from Pkd1":HoxB7-Cre mice with those from
pared to the negative controls (Fig. 1E). We further investigat- Pkd1" controls by miRNA sequencing (GSE86509) and miR-
ed whether down or up regulation of Foxo3 and consequent NAs in tissues from patients with ADPKD with non-ADPKD
oxidative damage might affect ADPKD progression. The evi- patients by microarray (GSE100812) (Woo et al., 2017; Kim
dent pathology of ADPKD is that numerous fluid-filled cysts et al., 2019). Differentially expressed miRNAs (DEmiR) had
are developed from renal tubular cells. Therefore, cyst growth values of p<0.05 and the gene expression for such miRNAs
in IMCD cells treated with siFoxo3, Foxo3 construct or H.O, was found to exhibit a 2-fold change in mice models or a 1.5-
was measured in a three-dimensional (3D) cell culture system fold change in patients with ADPKD. We identified 84 miRNAs

(Fig. 1F). Inducing oxidative damage using H.O, and repres- common to both Pkd71 cKO mice and patients with ADPKD,
sion of Foxo3 significantly accelerated cyst progression. In from a total of 243 DEmiRs in Pkd1 Pkd1 cKO mice and 312
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Fig. 4. Suppression of Gatm promotes cyst expansion by increasing ROS. (A) 2',7"-dichlorofluorescein diacetate (DCFDA) was used to
measure cellular ROS activity, including hydroxyl, peroxyl and other ROS. The intensity of DCFDA was measured using a microplate reader.
(B) MitoSOX staining to detect mitochondrial superoxide (O,) levels by confocal microscopy. IMCD cells were transfected with Gatm siRNA
(20 nM). CoCl, was used as a positive control. NT, non-treated. (C) Co-staining with MitoSOX Red and MitoTracker Green, which accu-
mulates in active mitochondria. Images were obtained by confocal microscopy at 400x magnification and 1.5% zoom. (D) Cyst formation
in control or Gatm siRNA treated IMCD cells in a Matrigel 3D culture system. Cyst area was measured after 4 days in 3D culture. Data are

presented as the mean + SD of triplicate samples from three independent experiments. **p<0.01.

DEmiRs in patients with ADPKD (Fig. 2A). Among the com-
mon miRNAs, only two were capable of binding to the Foxo3
3-UTR, namely miR-96-5p and miR-132-3p. Next, to validate
the expression of the two candidate miRNAs, we assessed
their expression levels in kidney tissues and cells from mouse
models and in patients with ADPKD by gRT-PCR. Interestingly,
only miR-132-3p was observed to be significantly expressed
in both mice and humans with ADPKD (Fig. 2B, Supplementa-
ry Fig. 1). To determine whether miR-132-3p directly inhibited
FOXO3 expression in both human and mouse renal cell lines,
we performed a luciferase reporter assay using a reporter con-
struct with either the mouse Foxo3 3-UTR or human FOX03
3-UTR, where both contain a miR-132-3p-binding site (Fig.
2C). Each construct was co-transfected with either a miR-132-
3p mimic or negative control miRNA (NC) into IMCD cells or
human embryonic kidney 293T (HEK293T) cells. As expected,
we found that miR-132-3p directly bound to the 3'-UTR of both
FOXO03 and Foxo3, thereby negatively regulating translation
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(Fig. 2D-2F). Next, we examined whether increased miR-132-
3p expression and the consequent reduction of Foxo3 expres-
sion were responsible for oxidative stress in ADPKD. It was
found that mitochondrial superoxide increased during ectopic
expression of miR-132 in IMCD cells compared to that in the
negative control (Fig. 2G). Representative photographs show
that overexpression of miR-132-3p significantly promoted cyst
growth compared to cells transfected with NC in the 3D cul-
ture; in contrast, inhibition of miR-132 alleviated cyst forma-
tion (Fig. 2H). These observations suggest that miR-132-3p
causes oxidative stress and accelerates cyst growth by inhibit-
ing Foxo3 in ADPKD.

Gatm is the mediator of Foxo3 in ADPKD

FOXO3 is involved in reactive oxygen metabolism by regu-
lating mitochondrial gene expression (Ferber et al., 2012). To
explore the mechanisms associated with FOXO3 in ADPKD,
we screened mitochondrial genes regulated by FOXO3 ac-
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cordingly. We performed integrative analysis between 1158
mouse mitochondrial genes from the Broad Institute (Calvo
et al., 2016) and the 3040 differentially expressed genes
(DEGS) in Pkd1™HoxB7-Cre mice obtained by RNA-seq data
from GSE86509, which had been done in our previous study
(Woo et al., 2017). It finally identified 214 common genes be-
tween them (Fig. 3A). Mitochondrial genes downregulated
with logFC values less than —1.3 were selected, thereby re-
vealing 6 mitochondrial genes (Aadat, Lars2, Gatm, Hmgcs2,
Acss1, and Aldh1l1) with reduced expression in Pkd1 cKO
mice (Supplementary Table 1). To validate the expression of
these genes in ADPKD, the mRNA expression levels of the
6 selected genes were confirmed in kidney tissues of PKD
mice and patients with ADPKD using qRT-PCR. All 6 genes
were significantly reduced in Pkd1":HoxB7-Cre mice when
compared to the levels in Pkd1" mice (Fig. 3B, Supplemen-
tary Fig. 2A). Notably, only GATM were significantly reduced
in ADPKD patients compared to the levels in non-ADPKD
patients (Fig. 3C, Supplementary Fig. 2B). Furthermore, we
used western blotting to assess the expressed protein lev-
els of GATM in cells transfected with FOXO3 siRNA. GATM
was decreased by FOXO3 knockdown in both mIMCD and
HRCE cells (Fig. 3D). Additionally, to confirm that the inhibi-
tion of FOXO3 reduced GATM expression in mitochondria,
the mitochondrial and cytoplasmic fractions of mIMCD cells
transfected with FKHRL1 siRNA were isolated and analyzed
by western blotting, which revealed that inhibition of FOXO3
decreased GATM expression in the mitochondria of mIMCD
cells (Fig. 3E). These results suggest that GATM is regulated
by FOXO3 in the mitochondria.

We then investigated whether FOXO3 bound to specific
DNA sequences of the Gatm promoter to regulate transcrip-
tion. Several deletion constructs of the Gatm promoter region
were cloned into the pGL3-basic luciferase reporter vector
and transfected into mIMCD cells. Interestingly, luciferase
activity was significantly higher in cells transfected with vec-
tors containing constructs of the 0.2-kb region of the Gatm
promoter compared to the levels in the control, but not in cells
transfected with p0.8kb which lacked the 0.2-kb region (Fig.
3F). To confirm whether the 0.2-kb region was crucial for pro-
moter activity, we performed a luciferase activity assay under
downregulated Foxo3 expression conditions. Knockdown of
Foxo3 significantly reduced the promoter activity of the 0.2-kb
construct—containing vector compared to the control (Fig. 3G).
These data indicate that GATM is regulated by the transcrip-
tion factor FOXO3 in ADPKD.

Inhibition of Gatm exacerbates cyst enlargement and
oxidative stress in ADPKD

The effect of Gatm on oxidative stress in ADPKD was veri-
fied using 2,7-dichlorofluorescein diacetate (DCFDA), which
is used to measure cellular ROS, including hydroxyl, per-
oxyl, and other ROS. Results of the experiment showed that
knockdown of Gatm significantly elevated DCFDA fluores-
cence intensity (Fig. 4A). More specifically, Gatm knockdown
significantly increased mitochondrial superoxide levels (Fig.
4B). Additionally, this Gatm-mediated increase in superoxide
levels was confirmed by co-staining with MitoSOX Red and
MitoTracker Green, both of which accumulate in active mito-
chondria (Fig. 4C). To investigate the effect of Gatm on cyst
formation in ADPKD, Gatm-knocked down IMCD cells were
analyzed in 3D cell culture, where inhibition of Gatm in IMCD
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Fig. 5. Schematic of the proposed novel mechanism of ADPKD
progression. miR-132-3p is up-regulated in ADPKD. Increased
miR-132-3p levels inhibit Foxo3 and subsequently down-regulate
Gatm, leading to elevated ROS levels and oxidative stress, which
promotes cyst growth in ADPKD.

cells significantly promoted cyst progression (Fig. 4D). Specifi-
cally, the proportion of cysts that grew from 100 um? to 300
um? was 12.5% in the control group, while it was at 34.9% in
Gatm-knocked down IMCD cells. Cysts greater than 300 um?
were not observed in the control; however, it should be noted
that 20.9% of the total cysts in IMCD cells transfected with
siGatm were greater than 300 um?. Taken together, these data
suggest that miR-132-3p promotes oxidative stress and cyst
expansion in ADPKD by inhibition of Foxo3 and Gatm.

DISCUSSION

It has been reported that oxidative stress appears in the
early stages of ADPKD and worsens with disease progression
(Andries et al., 2019). Recent studies have suggested that
oxidative DNA damage caused by mitochondrial superoxide
may cause mutations in PKD-related genes (Ishimoto et al.,
2017). Additionally, it has also been reported that tolvaptan,
the sole treatment for ADPKD, activates the antioxidant path-
way (Fujiki et al., 2019). Although the importance of oxidative
stress in ADPKD has been highlighted, its molecular mecha-
nism has not been clarified. To discover an effective treatment
for ADPKD, it is necessary to understand the mechanism of
oxidative stress in ADPKD. In this study, we identified a novel
mechanism, miR-132-3p—Foxo3a—Gatm, associated with oxi-
dative stress in ADPKD.

The respective roles of miR132 and Foxo3 in chronic kid-
ney disease (CKD) following renal injury have been recently
reported. In kidneys with ischemic injury, chronic hypoxia de-
veloped and it accumulated FOXO3 by inhibiting its degrada-
tion. In addition, hypoxia-activated HIF 1o controlled the late
phase of renal tubular repair by FOXO3 activation, which final-
ly contributed to functional recovery (Li et al., 2019; Lin, 2020).
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Severe renal injury leads to CKD when the repair processes
fail to completely recover, and progressive interstitial fibrosis
is involved during its transition. MiRNAs profiling in fibrotic kid-
neys revealed a specific increase of miR132 level in response
to ischemia-reperfusion injury in mice. MiR132 affected prolif-
erative capacity of pericyte-derived myofibroblasts by coordi-
nately regulating TGF-f and STAT3/ERK pathways (Bijkerk et
al., 2016). In these regards, targeting either Foxo3 or miR132
has been potentially considered as potential CKD therapies.
However, the direct correlations of miR132 with Foxo3 and
Gatm following oxidative stress have not been identified un-
til now. Herein, we first verify the functional mechanism of
miR132/Foxo3/Gatm axis in renal cystic model.

FOXO3 is a negative regulator of mitochondrial ROS which
mediates the defense against oxidative stress via regulation
of ROS-scavenging enzymes (Liu et al., 2005). However the
function of Foxo3 has not been elucidated in ADPKD. Based
on our results, oxidative stress is increased while Foxo3 is re-
duced over time in ADPKD models. Furthermore, several stud-
ies have reported that FOXO3 is involved in reactive oxygen
metabolism via regulation of mitochondrial gene expression,
and that regulation of the mitochondrial structure and func-
tion may be important factors which regulate ROS production
(Ferber et al., 2012). We observed that Foxo3 transcriptionally
regulated mitochondrial gene Gatm. It encodes mitochondrial
enzyme which is involved in creatine biosynthesis via catalyz-
ing the immediate precursor of creatine, guanidinoacetic acid
(Humm et al., 1997). In the field of kidney disease research,
clinical case studies have revealed monoalleic mutations ob-
served in autosomal dominant renal Fanconi syndrome and
progressive kidney failure (Reichold et al., 2018). In our ob-
servations, the expression of Gatm was significantly down-
regulated in both kidney tissues from Pkd1":HoxB7-Cre mice
and ADPKD patients. Based on these findings, we suggest
that Gatm is involved in a mechanism where Foxo3 influences
oxidative stress.

In our previous study, we reported the miRNAs that were
differentially expressed in PKD model mice and human AD-
PKD patients by miRNA sequencing and microarray analysis,
respectively, and reported that abnormal miRNA expression
was closely associated with ADPKD (Li et al., 2017; Kim et
al., 2019). In the present study, we aimed to identify the miR-
NAs associated with ADPKD and elucidate the mechanisms
responsible for cyst formation, the major phenotype of the
disease, in order to identify novel therapeutic targets. We per-
formed an integrated analysis of the differentially expressed
miRNAs obtained by miRNA sequencing analysis of PKD
mouse models and by microarray analysis of ADPKD patients
and validated the observed expression patterns. Our data
showed that miR-132-3p was significantly upregulated and
consequently suppressed Foxo3 transcription in kidney tis-
sues and cell lines from mice and humans with ADPKD, sug-
gesting that miR-132-3p was strongly associated with ADPKD.

To verify that miR-132-3p affected ROS accumulation, we
assessed the expression of miR-132-3p in the ubiquinol-cy-
tochrome c reductase binding protein (UQCRB) mutant cell
line, which showed increased mitochondrial ROS (Kim et
al., 2018). As expected, the expression of miR-132-3p in the
UQCRB mutant cell line was not significantly different from
that in the HEK293 cell line (Supplementary Fig. 3). These re-
sults suggest that upregulation of miR-132-3p precedes ROS
production.

Based on the observed results of this study, we present a
new mechanism of cystogenesis, in which increased miR-132-
3p expression inhibits Foxo3 and reduces Gatm expression,
thereby leading to elevated ROS levels and oxidative stress,
subsequently promoting cyst growth in ADPKD (Fig. 5). Fur-
thermore, we suggest that the interaction between miR-132-
3p and its target play a crucial role in cystogenesis in ADPKD
by mediating oxidative stress. The miR-132-3p—Foxo3-Gatm
axis may be a novel therapeutic target and prognostic marker
for ADPKD.
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