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increased mitochondria density and circularity. These parameters were consistent
with mitochondrial fission. We knocked-down PC1 in cultured rat cardiomyo-
cytes and human-induced pluripotent stem cells (iPSC)-derived cardiomyocytes to
evaluate mitochondrial function and morphology. The results showed that down-
regulation of PC1 expression results in reduced protein levels of sub-units of the
OXPHOS complexes and less functional mitochondria (reduction of mitochon-
drial membrane potential, mitochondrial respiration, and ATP production). This
mitochondrial dysfunction activates the elimination of defective mitochondria by
mitophagy, assessed by an increase of autophagosome adapter protein LC3B and
the recruitment of the Parkin protein to the mitochondria. siRNA-mediated PC1
knockdown leads to a loss of the connectivity of the mitochondrial network and a
greater number of mitochondria per cell, but of smaller sizes, which characterizes
mitochondrial fission. PC1 silencing also deregulates the AKT-FoxO1 signaling
pathway, which is involved in the regulation of mitochondrial metabolism, mito-
chondrial morphology, and processes that are part of cell quality control, such as
mitophagy. Together, these data provide new insights about the controls that PC1
exerts on mitochondrial morphology and function in cultured cardiomyocytes de-
pendent on the AKT-FoxO1 signaling pathway.
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1 | INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD)
is the most common genetic cause of end-stage renal dis-
ease, affecting 1 in 1000 people worldwide.! It is gener-
ated as a result of mutations in the PKD1 and PKD2 genes
encoding polycystin-1 (PC1) and -2 (PC2),” altering their
function and leading to the formation of renal cysts, de-
terioration of renal function, and ultimately, renal insuf-
ficiency.> A series of extrarenal symptoms are detected
before the occurrence of renal cysts,*” which even have
led to finding that the main responsible factors for mor-
bidity and mortality of ADPKD patients are cardiovascular
events.’®

Studies have shown that cardiomyocyte-specific PC1
knockout mice exhibited decreased cardiac contractility
and low levels of L-type calcium channel protein,” and
that PC1 ablation reduces the duration of the action po-
tential in cardiomyocytes.’

Recent evidence has suggested that PC1 downregu-
lation participates in cellular metabolic dysregulation in
kidney tissue of an ADPKD murine model,> ' with struc-
tural and functional mitochondrial alterations.>*%12
However, until now, it is unclear if these mitochondrial
disorders occur in the heart.

cardiomyocyte, FoxO1, mitochondrial dynamics, mitochondrial metabolism, mitophagy,

The transcriptional factors Forkhead box protein O
(FoxQ) are crucial regulators of energetic metabolism
through their function in the liver, skeletal and cardiac
muscle, adipose tissue, and pancreas.B"15 These factors
regulate many genes and modulate several cellular func-
tions, including cell cycle, apoptosis, DNA damage re-
pair, and metabolism.'®!” FoxO1, like other members of
this family, is expressed ubiquitously in mammals'®*®
and finely regulated through a series of posttranslational
modifications, being negatively regulated in the presence
of insulin or growth factors that activate protein kinase
AKT. This AKT-dependent FoxO phosphorylation triggers
its cytoplasmatic relocalization, inactivation, and prote-
asomal degradation.' Interestingly, regulation of heart
contractility by PC1 on L-type calcium channels has been
linked to the AKT signaling pathway.”*’

Mitochondria play an essential role in both the life and
death of cardiomyocytes. In healthy cells, they supply neces-
sary ATP, through oxidative phosphorylation, to respond to
the high energy demand of the heart. Moreover, mitochon-
dria are also relevant regulators of cell death, responding to
a wide variety of stress signals. Changes in mitochondria
number, shape, structure, and function have been associated
with the development of cardiovascular diseases.'**' The
shape and function of the mitochondrial network are finely
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regulated by two dynamic and opposing processes known as
mitochondrial fusion and fission.?"?* In addition, the mito-
chondria have a quality control mechanism for the correct
functioning of both processes, where, in the event of a sus-
tained imbalance in any of them, the process of selective
elimination of defective mitochondria known as mitophagy
is activated.”** Dysregulation of the balance between fusion
and fission processes and mitophagy may lead cells to mito-
chondrial metabolism alterations by the over-representation
of fragmented organelles.'>*>*>?® In this context, some stud-
ies have shown that mitochondrial dynamics and function
are also regulated by FoxO1.'¢*®

The present study was aimed to investigate whether al-
terations of PC1 expression trigger changes in the AKT/
FoxO1 signaling pathway, mitochondrial dynamics and
function, and the activation of the mitophagy machinery
in primary cultured rat cardiomyocytes and human iPSC-
derived cardiomyocytes.

2 | MATERIALS AND METHODS

2.1 | Reagents

Anti-Polycystin-1 and anti-GAPDH antibodies were obtained
from Santa Cruz (Dallas, TX, USA), whereas anti-mtHsp70,
anti-PINK1, anti-Parkin, anti-LC3B, and anti-total OXPHOS
antibodies were obtained from Abcam (Cambridge, UK).
Anti-phospho-Drpl, anti-Drp-1, anti-MFN2, anti-OPAl,
anti-phospho-AKT, anti-AKT, anti-phospho-FoxO1, and
anti-FoxO1 antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). Anti-mtHsp70 antibody,
Tetramethylrhodamine methyl ester (TMRM), mitotracker-
green FM, CellROX Orange Reagent, fetal bovine serum
(FBS), newborn calf serum (NBCS), Alexa secondary an-
tibodies, RNAimax, Opti-MEM, Trizol, T-Ripa, PowerUp
SYBR Green Master Mix, and DNAzol reagents were ob-
tained from Thermo Fisher Scientific (Waltham, MA, USA).
The antibody against (-tubulin, oligomycin, dihydrorho-
damine-123, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), Dulbecco's modified Eagle's medium (DMEM),
M199, 5-bromo-2’-deoxyuridine (BrdU), and Mission siRNA
against PC1 were obtained from Sigma-Aldrich (St. Louis,
MI, USA). Phosphatase and protease inhibitor cocktails were
obtained from Roche (Basel, Switzerland). The Cell Titer-Glo
Kit was obtained from Promega Corporation (Madison, WI,
USA). Protein assay and iScript reagents were obtained from
Bio-Rad (Hercules, CA, USA). Adenovirus FoxO1-GFP and
FoxO1-CA-GFP were kindly provided by Dr Joseph A. Hill
(University of Texas Southwestern Medical Center, Dallas).
Organic and inorganic compounds, acids, and solvents were
obtained from Merck (Darmstadt, Germany).
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2.2 | Animals

All animal care and experimental procedures complied
with Public Health Service Policy on Humane Care and
Use of Laboratory Animals and the ILAR Guide for Care
and Use of Laboratory Animals, published by the National
Research Council of The National Academies, and were
approved by the Institutional Ethics Review Committees
from Universidad de Chile (Ethics Number: CBE2013-04).
Heterozygous PDK '/~ mice were obtained by crossing
cardio-specific PC-1 knockout (PDK /") mice’ with wild-
type (PDK*/*) mice.

2.3 | Cardiomyocyte culture and
transfections

Neonatal rat ventricular myocytes (NRVMs) were iso-
lated from hearts of 1- to 2-day-old Sprague Dawley rats,
as described previously.”” Cells were plated and cul-
tured for 24 hours in DMEM:M199 (4:1) containing 5%
FBS, 10% NBCS, 100 uM BrdU, and antibiotics. For PC1
and FoxO1 knockdown, NRVMs were transfected over-
night with siRNAs specific for PC1 or FoxO1 (120 nM)
with lipofectamine RNAimax in Opti-MEM. Scrambled
SiRNA (siScr) was used as a control of transduction.
After 24 hours, cells were harvested in TRIzol or T-Ripa
containing phosphatase and protease inhibitors for har-
vesting mRNA or protein, respectively. To induce overex-
pression of constitutively active FoxO1 (FoxO1-CA)-green
fluorescent protein (GFP), cardiomyocytes were trans-
duced with adenoviral vectors (Ad-FoxO1-CA-GFP) at a
multiplicity of transduction (MOI) of 10 and 25, at least
for 24 hours. Adenovirus GFP (Ad-GFP) was used as a
control of transduction.

Cardiomyocytes were differentiated using a commer-
cially available human iPSC line (Thermo Scientific,
A18945) as described.” Human iPSC-derived cardiomy-
ocytes were cultured for 80+ days to increase the ven-
tricular population (MLC2v-positive cells). For imaging
experiments, cardiomyocytes were plated on imaging cul-
ture slides (ten compartment Cellview, Greiner Bio-One)
coated with Matrigel (1:100) and maintained for 4 days
with RPMI+B27 (Thermo Fisher). On the fifth day, car-
diomyocytes were infected with CellLight Mitochondria-
GFP, BacMam 2.0 (Thermo Fisher, #C10508) for 1 hour at
room temperature and 23 hours at 37°C. After 24 hours,
culture media was replaced with new RPMI+B27 (Thermo
Fisher) and cells were transfected using control and PC1
siRNA (Mission Sigma) with lipofectamine RNAIMAX
(Thermo Fisher). A confocal microscope Olympus FV-
3000 was used to obtain mitochondria z-stacks.



RAMIREZ-SAGREDO ET AL.

M?ASE‘BJOURNAL

2.4 | Western blot analysis

Cells were washed with PBS and lysed using T-Ripa lysis
buffer(10mM Tris-HClpH7.4;5mMEDTA;50mM NaCl; 1%
v/v Triton X-100; aprotinin 20 mg/mL; leupeptin 1 mg/mL;
phenylmethylsulfonyl fluoride 1 mM; and Na,;VO, 1 mM).
Protein concentration was determined using the Bradford
method and then, equal amounts of protein from cells were
separated by SDS-PAGE (10% polyacrylamide gels), elec-
trotransferred to nitrocellulose membranes, and blocked
with 5% fat-free milk in Tris-buffered saline (pH 7.6) con-
taining 0.1% (v/v) Tween-20 (TBST). Membranes were
sequentially incubated with the following primary anti-
bodies: anti-PC1 (1:500), anti-PINK1 (1:1000), anti-Parkin
(1:1000), anti-LC3B (1:1000), anti-total OXPHOS (1:500),
anti-phospho-Drpl (1:1000), anti-Drp-1 (1:1000), anti-
MFN2 (1:1000), anti-OPA1 (1:1000), anti-phospho-AKT
(1:1000), anti-AKT (1:1000), anti-phospho-FoxO1 (1:1000),
anti-FoxO1 (1:1000), anti-B-tubulin (1:2000), anti-GAPDH
(1:5000), and horseradish peroxidase-linked secondary an-
tibodies [1:5000 in 1% (w/v) milk in TBST]. Luminescence
was detected using ECL solution, visualized and digitalized
using a Syngene Scanner (Syngene, Cambridge, UK), and
quantified with the ImageJ software. Protein content was
normalized to $-tubulin or GAPDH levels.

2.5 | Total RNA extraction and reverse
transcription

Total RNA was extracted from cultured cardiomyocytes
using the TRIzol reagent. RNA samples were quantified
and their absorbance 260/280 was measured by NanoDrop
(Thermo Fisher Scientific, Waltham, MA, USA). Reverse
transcription was performed using 1 ug of RNA and 1 pg
of total RNA and iScript Reverse Transcription Supermix,
using the RT-qPCR kit (BIO-RAD).

2.6 | Mitochondrial DNA extraction

Total DNA was isolated from cultured cardiomyocytes
using the DNAzol reagent (Thermo Fisher Scientific).
Mitochondrial DNA copy number was estimated by qPCR
by comparing the abundance of the mitochondrial cy-
tochrome b gene to that of the nuclear 3-actin gene, as de-
scribed previously.?

2.7 | Real-time PCR

RT-qPCR was performed using specific primers designed for
rats (Table S1) and PowerUp SYBR Green Master Mix (Life

Technologies) in a StepOnePlus Real-Time PCR System. The
2-AACt method was used to analyze the data. The values for
each target gene were normalized to 18S rRNA gene expres-
sion levels.

2.8 |
(Pm)

Mitochondrial membrane potential

Y was measured after loading cardiomyocytes with
200 nM tetramethylrhodamine methyl ester during
30 minutes (excitation: 543 nm, emission: over 560 nm), as
previously described.” Cell fluorescence was determined
by flow cytometry using an FACScan system (Becton
Dickinson, San Jose, CA, USA). Carbonyl cyanide m-
chlorophenylhydrazone (CCCP; 50 uM) decoupling agent
was used as a control 30 minutes prior to measurement.

2.9 | ATP measurement

Cells were plated in gelatin-coated 96-well plates and ATP
content was determined using a luciferin/luciferase-based
assay.’® For the measurement of relative intracellular ATP
levels, the medium was removed and replaced by Krebs
medium with Ca?* to then use the Cell Titer-Glo Kit, ac-
cording to the manufacturer's instructions. As a control,
200 nM oligomycin was used. Subsequently, the cell
lysates were transferred to a 96-well plate and analyzed on
an In Vivo FX Pro (Bruker, Billerica, MA, USA).

210 | Oxygen consumption
determination in live cells

Cardiomyocytes plated on 60-mm gelatin-coated dishes
were trypsinized and then re-suspended in PBS. Cells
were placed in a sealed chamber at 25°C, coupled to a
Clark electrode (Yellow Springs Instruments, Fisher
Scientific, Pittsburgh, PA, USA). To determine the maxi-
mum oxygen consumption rate, 50 uM CCCP was added
to the NRVM.*! The electrode detects the amount of oxy-
gen remaining in the chamber in time. Cells were main-
tained in the chamber for 20 minutes to calculate the rate
of oxygen consumption. The values were averaged and
expressed relative to the oxygen consumption of controls.

2.11 | Immunofluorescence and Parkin/
mtHsp70 colocalization

Cells were cultured on gelatin-coated coverslips and fixed
with PBS containing 4% paraformaldehyde, incubated for
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10 minutes in ice-cold 0.1%, permeabilized with Triton
X-100 for 15 minutes, and blocked with 1% BSA in PBS
for 1 hour. The cells were then incubated overnight with
antibodies against Parkin (1:500) and mtHsp-70 (1:500)
and then with the secondary antibodies Alexa Fluor
456-conjugated anti-rabbit-IgG (1:600) and Alexa Fluor
488-conjugated anti-mouse-IgG for Parkin and mtHsp70,
respectively. For colocalization, only one focal plane was
analyzed with a Pascal 5 Axiovert 200 laser scanning mi-
croscope (Zeiss, Oberkochen, Germany). Images obtained
were deconvolved, and background was subtracted using
the ImagelJ software. Colocalization between the proteins
was quantified using the Manders' algorithm.***

212 | Mitochondrial dynamics

NRVM and human iPSC-derived cardiomyocytes were in-
cubated for 30 minutes with 400 nM of Mitotracker Green
FM and Krebs medium with Ca**. Confocal image stacks
were obtained with a Pascal 5 Axiovert 200 laser scanning
microscope (Zeiss, Oberkochen, Germany) using Plan-
Apochromat 63 X 1.4 NA oil DIC objective and captured
using LSM5 v3.2 image and analysis software.”! Images
were deconvolved with the ImageJ software, and then
z-stacks of thresholded images were used for 3D reconsti-
tution using the ImageJ-VolumeJ plug-in.*’ The number
of mitochondria and individual volume of each mito-
chondrion were quantified using the ImageJ-3D Object
counter plug-in.*! The values of individual mitochondrial
volumes were averaged and expressed relative to controls.
The decrease of mitochondrial volume mean, in conjunc-
tion with an increase in the number of mitochondria, was
considered as fission criteria.”’*! Each experiment was
performed at least five times, and 20 cells were quantified
per condition.

2.13 | Transmission electron microscopy
specimen processing and imaging

Heterozygous Pkd1*/~ (n = 3) and Pkd1*/* (controls,
n = 3) mice (9 to 12 weeks old) were anesthetized with
isoflurane (Baxter Healthcare) and subsequently, cervi-
cal dislocation was performed. Then, a thoracotomy was
conducted, and hearts were rapidly extracted. Whole
mice hearts underwent retrograde perfusion with fixa-
tive solution (2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer and 50 mM
CaCl,, pH 7.4) at 3 mL per min at room temperature
for 15 minutes before being stored at 4°C in fixative so-
lution. Sections from left ventricle were obtained from
hearts and were post-fixed using OsO, (2% OsO, + 0.8%

FASE‘BJOURNAL

K;Fe(CN)g in 0.1 M cacodylate buffer pH 7.4). Then,
each segment underwent sequential dehydration using
different concentrations of ethanol and embedded in
Epoxy resin.*? Ultrathin sections were cut using a Leica
Ultracut R microtome. Images were acquired at 11500X,
13500X, and 26500X magnification using a transmis-
sion electron microscope Philips Tecnai 12 (Biotwin)
equipped with capture software iTEM Olympus Soft
Imaging solutions (Windows NT 6.1). In total, 858 mi-
tochondria were evaluated, with a minimum of 5 and
a maximum of 27 mitochondria per image. Cells with
intact fibers were selected for the analysis. Each mi-
tochondrion was traced using the Multi measure ROI
tool of ImageJ (National Institutes of Health, V. 1.5)
as described.**** Shape descriptors of individual mito-
chondria were measured in 2D including: (a) surface
area (expressed as um?); (b) perimeter (the distance
surrounding the actual shape of mitochondria in 2D,
expressed in pm); (c) circularity (calculated by the for-
mula: 47x area/perimeter’. Mitochondria exhibiting a
perfect circular shape have a circularity value close to
1.0, whereas more elongated mitochondria have a cir-
cularity value that is closer to 0.0); and (d) density (cal-
culated by the formula: numbers of mitochondria/area).

2.14 | Statistical analysis

The results are presented as mean + SEM, using the
Student's t test for direct comparisons and one-way or two-
way analysis of variance with Tukey's post-test for multi-
ple comparisons. A value of P < .05 was considered to be
statistically significant. Statistical analysis of all experi-
ments was performed using GraphPad Prism 6 (GraphPad
182 Software, Inc, La Jolla, CA, USA).

3 | RESULTS
3.1 | PC1silencing induces loss of
mitochondrial functionality

Given that the PDK1 mutation induces alterations of
metabolism in kidney cell lines,"'** we evaluated the
functional state of mitochondria and oxidative metabo-
lism markers in PC1 knocked-down cardiac cells, specifi-
cally in NRVM. In these cells, we used a specific siRNA
against PC1 (siPC1) and determined a reduction of 50%
in both mRNA and protein levels of PC1 (Figure S1A).
We also obtained human iPSC-derived cardiomyocytes
(Figure S1B). In these cells, siPC1 also reduced the protein
levels of PC1 by around 50% (Figure S1C). This reduction
was sufficient to decrease the mitochondrial membrane
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FIGURE 1

Impaired oxidative metabolism in PC1 knockdown cardiomyocytes. A, PC1 knockdown and control (siScramble, siScr)

NRVMs were incubated with tetramethylrhodamine (TMRM) to determine the mitochondrial membrane potential (¥m) through
cytometry flow. CCCP (10 uM) was used as a positive control of depolarization (left panel). The oxygen consumption rate (O. C. R.) of PC1
knockdown and control NRVM was evaluated with a Clark electrode (middle panel). Intracellular ATP content was determined using a
luciferin-luciferase assay (right panel). B, Mitochondrial heat shock protein 70 (mtHsp70) levels were determined by Western blot in total
protein extracts of cardiomyocytes. C, CII-SDHB, CIII-UQCRC2, and CIV-MTCO1 protein levels were determined by Western blot in total
NRVM extracts. The left panel shows a representative Western blot image. Densitometry was quantified and relativized to -tubulin levels.
Images are representative of five independent experiments. Graphs represent mean + SEM. Statistical significance was calculated using the
Student's unpaired ¢ test, followed by the Tukey's test. *P < .05, ***P < .001 vs siScr

potential (¥Ym) by 75% and basal oxygen consumption rate
(O. C. R.) and total ATP levels, by 20%, with respect to
controls (Figure 1A). In this set of experiments, CCCP, an
uncoupling agent for mitochondrial respiration, was used
as a positive control.

Given the evident alteration of parameters that char-
acterize the functional state of mitochondria in NRVM
knocked-down for PC1, we then evaluated whether these
changes were related to a decrease of mitochondrial content.

As Figure 1B shows, the reduction of PC1 expression also
reduced the expression of heat shock protein mtHsp70, a
constitutive mitochondrial resident protein, and whose
reduction is indicative of decreased total mitochondria
mass. Likewise, we assessed whether OXPHOS expression
was altered by PC1 knockdown, through the detection of
NDUFB8-complex I, SDHB-complex II, UQCRC2-complex
III, MTCO1-complex IV, and ATP5A-complex V subunits,
which could explain the lower mitochondrial respiration
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and ATP levels found. Our results indicate that the expres-
sion of subunits CV-ATP5 and CI-NDUFB8 remain unal-
tered (data not shown), while the expression of subunits
CII-SDHB, CHI-UQCRC2, and CIV-MTCO1 was signifi-
cantly decreased in NRVM (Figure 1C). To assess whether
this lower expression of mitochondrial membrane proteins
was related to a lower number of mitochondria produced
by alterations of biogenesis, we evaluated if the reduction in
PC1 protein levels modified the mitochondrial and nuclear
DNA ratio and the levels of PGC-1a, which is the master
regulator of mitochondrial biogenesis. However, we found
no significant differences compared to controls that could
allow us to suspect that mitochondrial biogenesis was re-
sponsible for the changes produced by the absence of PC1
(Figure S2).

FASEBJOURNAL

3.2 | Silencing of PC-1 expression
eliminates damaged mitochondria

Mitophagy constitutes a key mitochondrial quality con-
trol mechanism that guarantees a rapid response to dam-
age or physiological changes in the cell.**** To evaluate
whether PC1 knockdown activates mitophagy in NRVM,
we measured changes in a panel of proteins that regulate
this process. First, we observed that reduction of PC1 in
NRVM increased protein levels of LC3B, an autophago-
some adapter protein used as a marker of autophagic
activation (Figure 2A). We also evaluated the activation
of specific organelle removal pathways mediated by the
E3-ubiquitin ligase Parkin and PTEN-induced putative
kinase 1 protein (PINK1). PINK1 is necessary for Parkin
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FIGURE 2 Activation of mitophagy through the PINK1/Parkin pathway in PC1 knockdown cardiomyocytes. A, Levels of the
autophagosome adapter protein LC3B determined by Western blot in total cardiomyocyte extracts. Values were normalized to 3-tubulin,

relative to siScramble (siScr) control cells. B, Confocal images of immunodetection and fluorescence of Parkin (red) and mtHsp70 (green) in

PC1 knockdown and siScr control cardiomyocytes (left panel). Scale bar: 20 um. Right images show magnification of colocalization. Parkin

and mtHSP70 colocalization were calculated locally using Manders' coefficient (right panel). C, Parkin and PINK1 protein levels were

determined by Western blotting in total NRVM extracts. Values were normalized to -tubulin levels, relative to control siScr cells. All graphs

represent mean + SEM of five independent experiments. Statistical significance was calculated using the Student's unpaired ¢ test, followed

by the Tukey's test. *P < .05 vs siScr
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recruitment from the cytosol to the mitochondrial mem-
brane to be phosphorylated and activated.?** Parkin acts
as an enhancer of mitophagy through further ubiquitina-
tion of mitochondrial proteins.*” Through immunofluo-
rescence assays, we evaluated the cellular distribution of
Parkin (Figure 2B, left) and we also found a significant
increment in the overlaying of Parkin over the mito-
chondrial network in PC1 knockdown cardiomyocytes,
through an increment of Mander's coefficient (Figure 2B,
right). Our results suggest that PINK1/Parkin-dependent
mitophagy could be involved in the reduction of dysfunc-
tional mitochondria elimination in PC1 knockdown cells.
Thus, we also evaluated PINK1 and Parkin total protein
levels, and we determined a significant increase of PINK1
but not Parkin (Figure 2C), which is consistent with ac-
tivating this pathway and redistribution of Parkin to the
mitochondrial membrane.
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3.3 | PC1 silencing induces fission of the
mitochondrial network

Mitophagy activation is related to alterations of mitochon-
drial network integrity and imbalance of mitochondrial dy-
namics. A more fissioned network has been related to an
increase of mitophagy through different mechanisms.*® To
determine a possible alteration of mitochondrial dynam-
ics that could explain the metabolic alterations produced
by the reduction of PC1, we assessed mitochondrial mor-
phology and expression of regulatory proteins, such as
MFN2, OPA1, and Drp-1. Through confocal microscopy,
we found that PC1 reduction led to a less connected mito-
chondrial network in NRVM (Figure 3A). Particle analy-
sis showed that PC1 knockdown increased the number of
mitochondria per cell but decreased the individual volume
of mitochondria (Figure 3B), revealing that PC1 deficiency
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FIGURE 3 Effects of PC1 silencing on mitochondrial morphology in cardiomyocytes. Confocal images of the mitochondrial network

in (A) control and PC1 knockdown NRVM, and (B) control and PC1 knockdown human iPSC-derived cardiomyocytes stained with
Mitotracker green (scale bar: 20 um). The right panels show magnification and 3D reconstruction to determine the number and volume of
mitochondrial particles. B and D, Quantitative analysis of the number of mitochondria per cell and mitochondrial volume was determined
with the Imagel software (n = 5). E, Transmission electron microscopy images of homozygous Pkd1*/* (controls, n = 3) and heterozygous
Pkd1*’~ (n = 3) mice (scale bar: 1 um). In total, 858 mitochondria were evaluated, with a minimum of 5 and a maximum of 27 mitochondria
per image. Quantitative analysis of the mitochondrial area, perimeter, circularity, and density was determined with the ImageJ software.
Graphs represent mean + SEM of independent experiments. Statistical significance was calculated using the Student's unpaired ¢ test,
followed by the Tukey's test. *P < .05, **P < .01 vs siScr. ***P < .001 vs PDK1*/*
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FIGURE 4 Effects of PC1 silencing
on AKT/FoxO1 pathway activation

in cardiomyocytes. A, NRVMs

were transduced with siPC1 and
siScramble (siScr) and lysed 48 hours
post-transduction to determine AKT
activation through phospho Ser*’*-AKT/
total AKT protein levels by Western
blot. Quantification is presented below
the images. B, FoxO1 activation was
determined through phosphorylation

on Ser”®-FoxO1. Data are relative to
total FoxO1 levels. Graphs represent
mean + SEM of five independent
experiments. Statistical significance was
calculated using the Student's unpaired ¢
test, followed by the Tukey's test. *P < .05
vs siScr
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in cardiomyocytes promotes mitochondrial fission and
reduction of total mitochondrial volume (Figure 3C), but
without any significant change in Drp-1 phosphorylation
or MFN2 and OPA1 protein levels (long and short forms)
(Figure S3A-C). A similar result was also found in human
iPSC-derived cardiomyocytes. PC1 knockdown triggers an
increase in the mitochondrial number per cell with a de-
crease in their volume (Figure 3C,D). Interestingly, both
cellular models, NRVMs and iPSC-derived cardiomyocytes,
also reduced the total mitochondrial volume (Figure 3B,D),
which is consistent with the mitophagy results obtained in
Figure 2. Moreover, heterozygous cardiomyocyte-specific
PDK-1"/~ mice with a 50% reduction in PC1 protein level
also displayed smaller mitochondria, with reduced area
and perimeter, and increased mitochondrial circularity
and density, as visualized by transmission electron micros-
copy of heart samples (Figure 3E). These results suggest
that a 50% reduction of PC-1 level is sufficient to induce
mitochondrial fission.

3.4 | The absence of PC1 deregulates
phosphorylation of the AKT-
FoxO1 pathway

Previous studies in cardiomyocytes have shown that the
phosphorylation of AKT in Ser’’”® depends on PC1 ex-
pression,”® and its downstream effector FoxO1,*® which
also regulates PINK1/Parkin-dependent mitophagy.***

siScr  siPC1 siScr  siPC1

Based on these antecedents, we evaluated if PC1 reduc-
tion affected phosphorylation of AKT (Ser*’®) and FoxO1
(Ser®®).* Our results show that PC1 reduction did not
change AKT and FoxO1 total protein levels but signifi-
cantly decreased the phosphorylation of AKT (Figure 4A)
and FoxO1 (Figure 4B). Previous studies suggest that PC1
regulates the stabilization of L-type calcium channels.?
However, the decrease of AKT and FoxO1 phosphoryla-
tion was not due to the L-type calcium channel because
of its inhibition with nifedipine, which triggers mitochon-
drial fission (Figure S4A-C), did not increase AKT (Ser*’?)
and FoxO1 (Ser*®) phosphorylation (Figure S4D,E).

3.5 | FoxO1 also alters
metabolism and induces
fragmentationofthemitochondrialnetwork

To validate whether the mitochondrial metabolism and
morphological dysregulations seen in PC1 knockdown
cells were triggered by the dysregulation of the AKT-
FoxO1 axis, we evaluated if these alterations were rep-
licated by sustained activation of FoxO1l. To this end,
we performed the transduction and overexpression of a
constitutively active form of FoxO1 (FoxO1-CA), as pre-
viously described.* NRVM transduced with MOI 10 and
MOI 25 showed an increase in the levels of FoxO1-GFP
constructs (control and constitutively active), with the
absence of FoxO1-CA phosphorylation (Figure S5A),
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FIGURE 5 Effects of sustained activation of FoxO1 on metabolic parameters and mitochondrial network morphology in
cardiomyocytes. A, NRVMs were transduced with adenovirus that overexpressed GFP or FoxO1 constitutively active-GFP (FoxO1 CA).
Forty-eight hours post-transduction, the cells were incubated with tetramethylrhodamine (TMRM) for 30 minutes to determine the
mitochondrial membrane potential (¥m) through flow cytometry (n = 7, left panel). The oxygen consumption rate (O. C. R.) of NRVM that
overexpressed GFP or FoxO1 CA was evaluated with a Clark electrode (n = 5, middle panel). Intracellular ATP content of GFP or FoxO1
CA cardiomyocytes was determined using the Cell Titer-Glo kit (n=8, right panel). B, Representative confocal images of the mitochondrial
network in NRVM that overexpressed GFP or FoxO1 CA by 48 hours. Cells were stained with MitoTracker Orange for 30 minutes. Confocal
images were subjected to 3D reconstruction. (n = 4, Scale bar: 10 um). C, Quantitative analysis of mitochondrial morphology in NRVM
that expressed GFP or FoxO1 CA by 48 hours. Number of mitochondria per cell and mitochondrial volume were evaluated with the ImageJ
software and normalized by cell area (n = 4). Graphs represent mean + SEM of four independent experiments. Statistical significance was
calculated using the Student's unpaired ¢ test, followed by the Tukey's test. *P < .05, ***P < .001 ****P < .0001, vs GFP

with a predominantly nuclear distribution (Figure S5B) 3.6 | The absence of PC1 activates

and a significant increase in the expression of Atrogin,  mitophagy in cardiomyocytes in a FoxO1-

a recognized target gene of FoxO1 (Figure S5C). As in ~ dependent manner

PC1 knockdown cells, the overexpression of FoxO1-CA

decreased mitochondrial membrane potential and  To verify if mitophagy activation occurred in response
oxygen consumption rate; however, ATP levels in this  to decreased FoxO1 phosphorylation in PC1 knockdown
model were increased (Figure 5A), but mitochondrial cells, we performed a double knockdown against PC1
morphology was affected as well (Figure 5B). We also  and FoxO1 in NRVM (Figure S6) and evaluated changes
observed that those cells that overexpressed FoxO1-CA  in subcellular Parkin location and mitochondrial mor-
showed a trend toward an increase in the number of mi- phological changes. By confocal microscopy and the de-
tochondria per cell but with a significant lower volume termination of Mander's coefficient, we quantified the
(Figure 5B,C). degree of Parkin and mtHSP70 colocalization and found
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FIGURE 6 Rescue of mitophagy and recovery of mitochondrial morphology through FoxO1 silencing in PC1 knockdown
cardiomyocytes. A, Representative confocal images of immunodetection and fluorescence of Parkin (red), mtHsp70 (green), and merge

in PC1-FoxO1 double knockdown and control (siScramble, siScr) NRVM (scale bar: 20 um, left panel). Right images show magnification

of colocalization. Parkin and mtHSP70 colocalization were calculated locally using Manders' coefficient (right panel). B, Representative
confocal images of the mitochondrial network in PC1-FoxO1 double knockdown and control NRVM, stained with Mitotracker green (scale
bar: 20 um, left panel). The images at the bottom show magnification of selected square sections. Quantitative analysis of the number of
mitochondria per cell and mitochondrial volume, determined with the ImageJ software. Graphs represent mean + SEM of five independent
experiments. Statistical significance was calculated using one-way ANOVA, followed by the Tukey's test. *P < .05 vs siScr, "P < .05 vs siPC1.

*P < .05 vs siScr

that the reduction of FoxO1 expression avoided Parkin
recruitment (Figure 6A) and mitochondrial network
fragmentation (Figure 6B) induced by PC1 knockdown.
Reduction of FoxO1 not only significantly decreased the
mitochondrial number per cell but also the average vol-
ume of mitochondria (Figure 6B). These results suggest
that the ablation of PC1 in NRVM leads to clearance of
dysfunctional mitochondria, a process that could be re-
lated to the reduction of AKT phosphorylation, followed
by a decrease of FoxO1 phosphorylation and subsequent
activation of PINK1/Parkin-dependent mitophagy.

4 | DISCUSSION

The enormous energy requirements of cardiomyocytes
make them highly sensitive to changes in intracellular

metabolism. Mitochondria are crucial for ATP produc-
tion, and the dynamic processes of fusion, fission, bio-
genesis, and degradation regulate their availability and
morphology and, therefore, their function.

Studies suggest that PC1 has a pivotal role in the con-
tractility of the heart, by directly modulating the stabiliza-
tion of L-type calcium channels and action potentials in
cardiomyocyte53’7; however, until now, its role in the reg-
ulation of mitochondrial metabolism and dynamics was
unknown. In this study, we established that PC1 in NRVM
modulates the dynamics and functionality of mitochon-
dria by showing that alterations in the expression of this
protein generate a dysregulation of the AKT/FoxO1 path-
way, thus over-activating mitophagy.

The AKT-FoxO1l pathway is related to vital cellular
processes, such as proliferation, cell cycle, and apoptosis,
among others,>?° and in cardiac tissue, the active form of
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AKT (phospho-AKT) promotes mitochondrial fusion.**
In the same line, our results established that PC1 down-
regulation reduces the phosphorylation of AKT in Ser*’?
and of FoxO1 in Ser®®, which could explain the increase
in mitochondrial fission and mitophagy activation. This
could be due, in part, to the relation between AKT acti-
vation and the phosphorylation of pro-survival Bcl-2 fam-
ily members, which induce the efflux of mitochondrial
content and activation of the PINK1/Parkin mitophagy
pathway.

In a complementary line, overexpression of a consti-
tutively active form of FoxOl (FoxO1-CA)--which is
predominantly nuclear because it is not under AKT inhib-
itory control* —showed similar results to those obtained
in PC1 knockdown cardiomyocytes, with a reduction
in mitochondrial membrane potential and oxygen con-
sumption rate and an increase in mitochondrial fission.
However, sustained FoxO1 activation also generates a dys-
regulation of AKT phosphorylation, suppression of pro-
tein phosphatase 2A (PP2A), and disruption of AKT-PP2A
and AKT-calcineurin interactions, as well as reduction of
insulin sensitivity, and consequent glucose metabolism
impairment*'; these factors could explain the discordance
between ATP levels in the PC1 knockdown with respect to
the FoxO1-CA cells. FoxO1 also regulates genes involved
in cellular homeostasis, cellular quality control, and me-
tabolism.**#¢*® Furthermore, FoxO1 activation induces
mitophagy by activating E3-ubiquitin ligase Mull and the
PINK1/Parkin pathway.*’ Our results suggest that mito-
phagy produced in PC1 knockdown cardiomyocytes could
be modulated by FoxO1 through the PINK1/Parkin path-
way. FoxO1 silencing reverses the recruitment of Parkin
to the mitochondria and recovers, in part, mitochondrial
network morphology. The rescue and recovery of mito-
chondrial morphology are essential, considering that mi-
tophagy imbalance has been related to the development
of diverse cardiac pathologies.’>* By establishing a time-
line, we could consider the increase in the expression
levels of PINK1 in PC1 knockdown cardiomyocytes as a
pro-fission and regulatory signal of mitophagy, as previ-
ously described,” resulting in a decrease of mitochondrial
mass due to the loss of connectivity of the mitochondrial
network. This would allow the assembly of the mitoph-
agy machinery, such as the recruitment of Parkin to the
mitochondrial membrane and an increase in the expres-
sion levels of adapter proteins of the autophagosome, and
finally, the selective elimination of mitochondria. A time
longer than 48 hours in the mtDNA evaluation would
allow us to complement the data obtained in this study,
which by not showing significant changes could indicate
that 48 hours are not enough to carry out the elimina-
tion of such a large number of mitochondria as to be re-
flected in a substantial decrease in mtDNA. It would be

interesting in future research to consider more long-term
effects that also address parameters related to dysregula-
tion of mitophagy and cell death, which are also broadly
linked to the development of cardiac pathologies.>

Although until now there are no studies that directly
relate Pdkl mutations with mitochondrial metabolism
in cardiac tissue, ADPKD patients, and animal models
of polycystic kidney disease exhibit a tissue-dependent
metabolic dysregulation,"*>>> establishing a direct rela-
tionship between changes in PC1 expression and mito-
chondrial metabolic and morphological changes. In these
studies, patients with obesity and diabetes show faster
progress in terms of cyst formation and renal dysfunction,
in addition to inadequate management of glucose and ox-
idative metabolism.”’ Other studies in cell models, such
as epithelial and kidney cell lines, have indicated that the
C-terminal domain of PC1 is cleaved and migrates to the
mitochondrial matrix to modulate fatty acid oxidation.’
Additionally, altered expression of PC1 generates a loss of
the connectivity of the mitochondrial network and dys-
function in the marker parameters of oxidative metabo-
lism."™"" Our results agree with these observations, and
we also found dysregulation of the AKT-FoxO1l axis, a
pathway of great importance for the response to insulin
and management of glucose levels.">"

The mechanism through which PC1 regulates metabo-
lism is not completely clear now; however, our work con-
tributes to the knowledge of PC1 functions in the heart,
showing that it is not only involved in contractile function
but also in the regulation of metabolic processes depen-
dent on mitochondria. This work provides valuable infor-
mation about extra-renal symptoms reported for patients
with ADPKD and their novel therapeutic intervention.
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